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Foreword 


The subject of this book - namely, the structure action relationships of drugs 
or, to use an old fashioned phrase, the relation between chemical constitution 
and physiological action - is one that has fascinated chemists, particularly 
organic chemists, for many years It has been a somewhat disappointing sub- 
ject of study, and some workers have despaired of finding any convincing re- 
lationships 

A J Clark, in his classical monograph on General Pharmacology, con- 
cluded that there were ‘scarcely any general rules discernible and that every 
cell drug system was a law unto ilselT And yet the chemist has an underlying 
conviction that there must be some chemical explanation of the way m which 
drugs modify the functions of living organisms, that the fundamental problem 
of how drugs act is a chemical problem Of course the chemist is right, we can 
only think of the drug itself m chemical terms, and, consequently, theones of 
drug action must also be expressed in chemical terms A possible viewpoint 
(it can scarcely rank as a theory) is that drugs modify the functions of living 
organisms by interfering in some way with the biochemical reactions which are 
continuously going on m living cells The difficulty is that the chemist knows 
so little about the intimate chemical nature and properties of the physiological 
structures upon which drugs exert their disturbing effects Ko doubt the bio- 
chemist will ultimately be able to tell him about these things, but meanwhile 
the chemist ought to pay more attention than he has usually done to what the 
pharmacologist has to say One of the most important functions of the phar- 
macologist IS to disentangle the physiological mechanisms by which a given 
drug action is achieved Superficially similar physiological effects can be pro- 
duced by a vanety of mechanisms , the chemist is frequently apt to forget this , 
he is often unaware of the fact that changes m structure, sometimes quite 
small changes, may alter not only the intensity of drug action but also the 
mechanism by which some particular phj^iological result is achieved The 
whole problem of the structure action relationships of drugs involves two 
separate inquiries how changes m structure affect the mechanism of action 
and how they influence the intensity of action, when the mechanism is un- 
changed The chemist is apt to think only about how changes in structure 
affect the intensity of some physiological response No wonder he is fre- 
quently puzzled by the astonishing changes in intensity which small altera 
tions of structure produce Even if the pharmacologist can provide evidence 
that a group of related drugs are all acting m the same way, the problem of 
relating intensity of action to structure is difficult enough, but if changes of 
structure alter the mechanism of action, the chemist may easily be led astray 
Dr Barlow s books is an attempt -dmost the first attempt - to instruct 
chemists about these matters Dr Barlow is not only an organic chemist, he 
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has practical experience of testing the pharmacological activity of compounds 
which he has made, he can, therefore, speak with authority to chemists about 
these matters, and it is ray hope that his book will encourage chemists, par 
ticularly young chemists, to enter this cunous and fascinating borderland be- 
tween chemistry and biology, and to leam more than chemists have usually 
been willing to learn about the biologica! side of the subject 

What IS obviously needed is a much closer liaison between the chemist and 
the pharmacologist, but if this liaison is to be achieved, the chemist must try 
to understand the nature of the problems which face the pharmacologist, and 
the pharmacologist must try to understand how the chemist thinks about the 
compounds that he makes There have been in the history of pharmacology 
some famous combinations of chemist and pharmacologist -eg, Crura 
Brown and Fraser, Reid Hunt and Renshaw, Barger and Dale, &c. Tliese 
names alone are key names in the development of pharmacology Pharmaco- 
logy, which has remained for so many jcarsaralher mfenor relation ofphj^io 
log), can only achieve its proper status as an independent branch of medical 
science, if it is willing to mvite the co-opcraiion of the chemist, but the 
chemist, fascinated as he usually is by synthetical problems, must, if he is 
interested m the structure-action tclalionship of drugs, be prepared to leam 
sometbiogabout pharmacology, about the curious w-ays in which drugs modify 
the functions of living organisms The whole history of the study of the 
structure-action relationships of drugs is befogged by the circumstance that 
the pharmacologist did not understand what the chemist bad in his mind and 
the chemist did not undentand what the pharmacologist was doing In my 
opinion the chemist ought to watch Ifae pharmacologist ot work on the testing 
of new compounds , only so can he appreciate the fascination of pharmaco- 
logy, and understand the curious paradox that although the pharmacologist 
can detect, and even estimate, amounts of chemical substances well below 
those which can be detected or cstunated by chemical means, he can only get 
approximate measures of activity, because of the individual variation of 
living organisms to drugs 

My oivn belief is that the chemist and the pharmacologist, if they are pre- 
pared to understand each other’s point of view, can jointly, but not inde- 
pendently, make important advances in a subject which is vital to therapeu- 
tics How drugs act is, as 1 have said, a chemical problem, but the chemist 
alone cannot solve it, he can solve it only if he is prepared to work hand m- 
glove with the pharmacologist, so that Dr Barlow’s book, which attempts to 
instruct chemists on these difficult problems of drug action, receives my warm 
recommendation to the reader 

n R ING 

Department of Pharmacology, 

Oxford 



Author’s Note to the Second Edition 


This book has been almost completely rc-wntten The decision to omit any 
detailed consideration of the actions of drugs on the central nervous system 
was taken in order to limit the size of the book and the lime which its revision 
was demanding It was also felt that, with a few exceptions, there was not 
really enough known about the mode of action of drugs on the central ner- 
vous system to justify thcir inclusion man introduction to chemical pharmaco- 
logy 

The Appendix, however, has been retained because it is thought that this is 
of real value to chemists who cannot be expected at this stage to look up more 
detailed works It is for the biologist to explain the subject m simple terms to 
the chemist so that the chemist may see where his chemical experience may be 
relevant Although the chemist should be aware of hts ignorance, it should not 
be necessary for him to undergo a full formal training m biology before his 
comments are attended to, otherwise there is the serious danger that a subject 
such as chemical pharmacology will be explained m terms of the chemistry of 
yesterday rather than that of today I appreciate that this criticism may be 
levelled at sections of this book and would be glad to be informed of errors or 
criticisms of any sort 

Names of Drugs Compounds arc referred to by their chemical names when 
these are simple , failing this, by their pharmacopoeial names (indicated by an 
mitial capital letter) and failing this by their approved names or a trade name 
(indicated by italics) 

Optical Isomers The signs (-|-) and (—) refer to optical rotation Where it is 
possible to assign an absolute configuration 1 have used the signs R- and S-, 
following the convention of Cahn, Ingofd, and Prelog {Experientia, 1956, 12, 
81) This avoids many ambiguities, (— ) adrenaline, for instance, has the L- 
configuration with reference to glyccraldchyde but the D- configuration with 
reference to sermc whereas the description R- is unambiguous Even the sub- 
stance, (-f-)-tartaric acid, from which all absolute configurations are derived 
following the work of Bijvoet, Pcerdeman, and Van Bommel {Nature, 1951, 
168, 271), IS similarly ambiguous being L- with respect to glyceraldehyde and 
D- with respect to serine 

Equipotent Molar Ratios In order to express the activity of one drug rela- 
tive to that of another I have used equipotent molar ratios, that is the number 
of molecules of one drug producing the same effect as one molecule of a 
standard drug If the compound is more active than the standard, the ratio 
Will be less than one This may be confusing to people who feel that high 
activity should be indicated by a high figure but is more m accordance with 
what IS actually done experimentally, less material is used if the compound is 
more active 

VII 
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Approaches to pharmacology - Justification for a chemjcal approach to pharma- 
cology - Validity of physical and chemical laws in biological systems - The mode of 
action of drugs on cells - Investigation of the mode of action of a drug - The drug- 
receptor complex and the kinetics of pharmacological reactions - Efficacy - Anta 
gonists - A theory of drug action bawd on rales of combination with receptors - 
Factors affecting adsorbability - The nature and function of receptors - Enzymes - 
Enzyme kinetics - Conclusion - Classification of sites where drugs may act 


Approaches to Pharmacology 

‘Pharmacology may be defined as the study of the manner in which the 
functions of living organisms can be modified by chemical substances’ (A J 
Clark, 1937) 

This study can be approached in different ways, depending upon the type 
and complexity of the tissue selected The effects of drugs* m man are those 
most likely to be of practical use Although experiments in man are almost 
invariably preceded by expenments in simpler structures, such as small 
animals, the understanding of the effects of chemical substances on such 
complex structures as these depends upon a knowledge of the normal working 
of these structures At this level pharmacology is an extension of physiology 
The study of the effects of chemical substances on organisms which are 
parasites in man may also lead to discoveries of practical value in the treat- 
ment of diseases caused by such parasites Here pharmacology may be 
regarded as an extension of parasitology, particularly of bacteriology 
At a more fundamental level, the effects of drugs on any tissue depend upon 
their actions on the cells of which that tissue is composed This demands a 
knowledge of the chemical processes occurring m the cells, and of the ways 
in which these processes are related to those occurring in other cells Here, 
then, pharmacology is an extension of biochemistry 
Finally, all the effects of drugs are the consequence of the interactions of 
molecules of drug with molecules of the tissues, however complex, being 
studied At this level, therefore, pharmacology is an extension of chemistry 
in all its aspects, organic, inorganic, and physical 
Pharmacology, therefore, draws upon physiology, bacteriology, bio- 
chemistry, and chemistry for essential basic information and most pharma- 
cological laboratones contain workers from all these subjects The medical 
or therapeutic approach to pharmacology, however, is usually the dominant 
one because of its practical value and the need to train medical students 

• In this book the word ‘drug is used to des^ibe any molecular species which may 
be of interest to the investigator, it does not refer only to substances which are known 
to be active 
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Several books have been wnltcn on this aspect of pharmacology this book 
IS an attempt to approach pharmacology at its most fundamental level, to 
discuss It as an extension of chemistry 

Jostification for a Chemical Approach to Fharmacology 
The biggest difBculties in the svay of regarding pharmacology as an extension 
of chemistry are the complexity of the processes occurring in hving tissues 
and the impossibility of obtaining a precision m biological expenments 
comparable with that attainable m chemical expenments A great deal can 
be done by studying tlie actions of drugs on small pieces of tissue, or even 
on single cells, rather than on whole animals, and by a statistical treatment 
of the results Nevertheless, even simphfied biological systems are far more 
complex than those met with in most types of physicochemical problem In 
the latter at least the identity of the molecular species involved is usually 
known, but m biological problems this is seldom true 

Furthermore, interest m pharmacology, particularly in the extensive re- 
search work earned out m industry, lies chiefly in the production of com- 
pounds of potential therapeutic value Ideally such drugs could be discovered 
by a systematic study of the relationships between chemical structure and 
actions on sunple isolated tissues, or even single cells A knowledge of such 
relationships between structure and action at all the important sites in the 
body should enable one to predict accurately the effect of a drug on the body 
as a whole In point of fact, with the present limited knowledge of bio- 
chemistry and pharmacology, it is not reaUy possible to attempt this with any 
hkehbood of success Most useful drugs have been discovered empincally as 
the result of ‘screemng’ a large number of compounds in animals to see if 
they are useful and finding out why afterwards 

A chemical approach to pharmacology can, therefore, be cnticized on the 
grounds that it is based on over sunpUfications and is anyway unlikely to 
lead to results of any immediate practical value There is, however, much 
information about the apparent pharmacological properties of a lot of 
compounds In the circumstances it is natural to attempt to correlate chemical 
structure with biological activity even though such correlations can only be 
of any value if the compounds all act by the same mechanism There is, 
moreover, a certain amount of fundamental information about the mode of 
actios of some drugs 

A chemical approach to pharmacology can therefore be defended on the 
grounds that it is a rational approach to the subject which will not always be 
based on over simplifications, even if this is often so at present Further it 
may provide a logical attack on the problems of discovering new drugs 
Although it is true that many useful drugs have, m the past, been discovered 
empincally, that empmcal approach has not usually been entirely haphazard, 
but has had some rational plan, even though the theones on which it has been 
based have often been shown to be quite wrong 
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Validity of Physical and Chemical Lans in Biological Systems 
Before a chemical approach to pharmacology can be attempted it is necessary 
to show that the fundamental laws of physics and chemistry apply to atoms 
and molecules in systems composed of hvmg matter 
Clark (1933, 1937) has discussed one of the most sinking features of 
pharmacology, the smallness of the amounts of a really active drug which 
may affect a really sensitive tissue Hunt (1918) recorded that detectable 
changes in the blood-pressure of a cat were produced by as little as 
0-000,002 fig of acetylcholine per kg body weight This corresponds to 10“^* 
ofaMole.butisstiU equivalent toaverylargenumbcrofmolecules,6 x 10®, 
and these can be distnbuted over a very considerable area before the numbers 
become so small that the second law of thermodynamics is endangered The 
figures obtamed by Hunt are exceptional Clark and White (1927) found the 
minimum efiective dose to be 0 004 i^g/kg m a similar expenment, and this 
order of magnitude seems more likely to be trustworthy 
Bactenal toxins, however, are much more active and the results here cast 
some doubt about the validity of adopting a chemical approach to their 
action BotuUnus Toxin type A has a molecular weight of 900,000 and the 
‘uumraum lethal dose’ for a mouse is 3 2 x ID"^* g (Van Heymngeo, 1950) 
This IS 3 6 X 10"t® Mole which should contain 2 x 10® molecules It has been 
calculated that 250 g of this matenal, if suitably administered, would suffice 
to kill the entire population of the world Botuhnus Toxin type D is even 
more toxic Wentzei, Sterne, and Poison (1950) have obtamed a purified 
matenal, of molecular weight about 1,000000, which, when tested m mice, 
was found to contain 4 X 10^® ’minimum lethal doses* per mg of protein 
nitrogen For a nitrogen content of 15 per cent this gives a ‘minimum lethal 
dose’ of approximately 


100 1 
15 ’^4 X 10''“® 

4 X 1012 10’*^°'' 


100 

15 


4 X 10“ 


^ V inea 

X — TTK — = 1,000 molecules 
lu* 


The claims of homeopaths are of a different order altogether Clark (1933) 
ates results of Konig (1927) reported to be obtamed with concentrations of 
silver mtrate and lead mtratc as dilute as 1 m 10®®, and points out that this 
corresponds to about one molecule m a sphere with a circumference about 
equal to the orbit of the planet Venus Faith in such results clearly entails 
abandoning the laws of physics and chemistry, but otherwise, with possible 
reservations about bactenal toxins, it seems resonable to assume that these 
are valid m the conditions prevailmg m biological systems 
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The Mode of Action of Drugs on Cells 

Although efTectire doses of even the most active substances contain large 
numbers of molecules, their action may be highly selective and confined to 
a very small area Clark (1933) estimated the percentage of the area of the 
cells of certain tissues which could be covered with drug molecules On the 
frog heart, for instance, a dose of 0 02 |ig acetylchohne/g tissue caused a 
50 per cent reduction in the rate of beating This corresponds to 10*^ mole- 
cules (approximately) The dimensions of frog ventricle cells have been 
given as 131 X 9 microns and the surface area as 1,900 square microns 
(=“ 1,900 X 10~®cm*)andvolume2,600cub!cmicrons(=a 2,600 x lO'^^cm*) 
The number of cells per cm* or per g tissue is therefore 10“ x 1/2,600 
= 3 3 X 10®, and the total surface area approximately 3 3 X 10* x 1,900 x 
IQ-B = 6,000 cm* This means that the number of molecules which are 
available for each cell is I0*V3 3 x 10* = 3 x 10* Clark assumed that 
each molecule could cover an area of 100 A*, and so the total area covered 
by3 X 10* molecules would be 3 x 10* x 100 x 10"* » 0 3 square microns, 
and this is only 0 3/1 ,900 of the area of the surface of a cell 
Similar calculations showed that the drags ouabain, acetylcholme, atropine, 
adrenaline, and histamine cannot possibly cover more than a fraction of the 
area of the cells of the tissues concerned (frog heart or rat uterus), whereas 
other compounds, such as caSbme and normal aliphatic alcohols (la the range 
heptyl to dodecyl), only produced efiects when given m amounts which would 
suffice to form a mooomolecular layer oxer the whole area of the cells 
Similar calculations reveal the extremely selective uptake of bacterial 
toxins Botulmus Toxin is known to act on nerve-cells and tbe mouse contains 
approximately 2 5 X 10* such cells this indicates an average of S molecules 
of Botuhnus Toxin Type A per ceU and I molecule of Type D Toxin per 
2,500 cells It would seem necessary to investigate further the site of action of 
these substances If only certain particular nerve cells need be affected to 
produce death, it is still possible that tbe numbers of molecules involved are 
sufiiaent to discuss their action m normal chemical terms 
Although calculations of this sort can only be approximate, they indicate 
the likelihood of two types of drug action, one involving a large part, if not 
all, of the cell surface and the other involving only a very small part indeed 
The picture of a drug producing its effects by an action over a large part of 
the cell surface is consistent with tbe idea that it is acting by some physical 
or physicochemical process It may be having an effect on interfacial tension 
at the cell surface, dissolving preferentially in certain parts of the cell, having 
an action on cell colloids or affecting the membrane which surrounds the cell 
and which selectively gives passage to vanous ions Such a hypothesis w as put 
forward at the end of the nineteenth century by Overton and Meyer to account 
for tbeir results m research on anaesthetics 
The picture of a drug producing its effects by an action only at a very small 
part of the cell surface is consistent with the idea that there are active spots, 
called receptors, on the cell surface and that the drug acts by forming a 
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complex with these This idea was suggested by Langley (1878, 1905), but is 
generally associated with the work of Ehrlich who used it as a basis for his 
research m chemotherapy (see, for instan<%, Albert, 1960) 

loTestigatiOQ of the Mode of Action of a Drug 

It should, theoretically, be possible to decide whether a drug is acting by a 
physicochemical mechanism or at receptors by making calculations similar to 
those of Clark The necessary information about cell structure, however, is 
not always available and a decision about the type of action of a drug is 
frequently made instead by studying the activity of compounds chemically 
related to it 

If there is no very obvious relationship between chemical structure and 
activity It is reasonable to suppose that the drugs are acting by a physico- 
chemical process In these circumstances chemical structure will only be 
important in so far as it affects physicochemical properties 
In the study of most drugs it is usual to find that there is a marked variation 
of activity with chemical structure In these circumstances it is reasonable to 
suppose that the drugs arc acting on receptors because these receptors will 
themselves have a definite chemical structure m two or three dimensions and 
the action of the drug must depend upon its ability to fit 
Physicochemical properties, however, may be extremely important in 
determining the rate of transport of a drug to its site of action on, or in, the 
cell and it is not always possible to distinguish clearly between drugs which 
are acting by a physicochemical mechanism and those which rely upon their 
physicochemical properties for transport but may act ultimately at receptors 

The Drag-Receptor Complex and the Kinetics of Pharmacological Reactions 
The combination of a drug wlh a receptor can be compared with the 
adsorption of a molecule at a catalyst surface An expression similar to the 
Langmuir adsorption isotherm relates the concentration of the drug, (,4) 
With the proportion y, of receptors occupied in the reaction 

Drug + Receptor Complex -v Breakdown ->■ Response 

The rate of formation of the complex will be ki(^)(l — y) and the rate of 
dissociation will be kz(y) where ki and k^ are constants 
At equilibrium A.i(v4)(I — = ki(y) and hence A(^) = where K 

the afiimty constant ^ When 50 per cent of the receptors are occupied 

• A2 

Note that K is an afiimty constant, some workers (e g Ariens 1954) use 
the dissociation constant, which is the reaprocal of this and can be compared 
With the Michaelis-Menten constant used by enzymologists (see page 20) 

K the biological response is directly related to the proportion of receptors 
occupied the graph of dose against response will be a hyperbola In view of 
experimental errors, however, the mathematical relationship between dose 
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and response cannot, with confidence, be deduced from the shape of the 

curve Clark (1933) showed that the differences between the hyperbola, 

the exponential curve, Ky = log (bA + 1), = 0 01 66, 6 « 5 3), 

and the parabola, KA'* = >>, (/T *= 49, n = 0 S), were much smaller than the 
errors in the most accurate biological experiments which had been performed 
at that time The second formula represents the empirical Webcr-Fechncr 
‘Law’ and the third an adsorption isotherm of the Freundlich type 
Although the formation of the drug receptor complex is generally regarded 
as being governed by the Langmuir Adsorption Isotherm, the pharmacologist 
usually plots the logarithm of the dose against the effect and finds that this 
graph IS hnear over a considerable range This process is much more con- 
venient than plotting the dose against 

Percentage effect 
100 — Percentage effect’ 

though the logarithm of this is the ‘logit’ function, which is available m 
tables The graph of the logarithm of the dose against the logit of the response 
might, therefore, be expected to be hnear, but the expression 

Percentage effect 
100 — Percentage^ffcct 

wiU only be the same as tf the biological response is directly propor- 
tional to the proportion of receptors occupied This was assumed by Clark 
(1937), although he himself says the assumption seems improbable, and such 
attempts as have been made to test the validity of the assumption (see below) 
indicate that it is not justified If it were true, the concentration of a drug 
which produced half the maximal response would be equal to the reciprocal 
of the affinity constant, this value has, in fact, sometimes been used as an 
index of the affinity of the drug for the receptors 

Efficacy 

In experiments wifti acetylcholine and ictrameftiylammonium, CiarV: and 
Rav«itos (1937) showed that although aortylcholme was about 1,000 tunes 
as active as tetrametbylammominn, the effects of equiactive doses of the 
drugs were antagonized to the same extent by an antagonist (Table 1 1) From 
these results there emerged the idea of the all or none nature of the drug- 
receptor complex, 1 e that the complex bcti^een a drug and a receptor was 
either completely effective or completely ineffective If it were effective, the 
compound would be an agonist, if it were ineffective, the compound would 
be an antagomst In cither situation the activity of the drug (as an agonist 
or as an antagomst) would depend only on its adsorbability or affinity con- 
stant, K 
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Thjs idea was supported by the observation that the effects of acetylcholine 
and tetramcthylammonmm were additive If the effects of x acetylcholine 
Vicre the same as y tetramethylammomum (y would be about 1,000 times x), 
then these were also produced by xj2 acetylcholine plus y/2 tetramethyl- 
ammonium together If the complex produced by one drug were less effective 
than the complex produced by the other, it would occupy receptors which 
could more profitably be occupied by the other drug, so the effects would 
not be additive 

Although these conclusions arc perfectly vahd for acetylchohne and 
tetramethylammomum on the tissues listed in Table II, they cannot be 


TABLE 1 1 

Antagonism of the Actions of Aeet}IchoUne and tetramethylammonlum 



Fisures mdicate the logarithm of the molecular concentration of antagoiust which 
necessitated multiplying the concentration of agonist by 10 in order to keep the biological 
effect constant, these arc in effect, values of — pAiotpagc 43) The value for an antagonist 
on a particular tisiue a considered to be independent of the nature of the agonist, compare, 
for example, the values for atropine and acetykholmc (Ach) with those for atropine and 
tetramechylammonium, —8 1 and — 79oQta(in(e$tme, — 8 3and —77oa the frog auncle, 
and —4 2 and —3 8 on the frog rectus 

Clark and Raveiaos (.I93T) 

extended universally From furthcrexpenments, Anens (1954) and Stephenson 
(1956) have suggested that the activity of a drug depends not only on its 
affinity (adsorbabihty) but on another property termed ‘intrinsic activity’ 
(Anens) or ‘efficacy’ (Stephenson), this factor being a measure of the effective- 
ness of the drug-receptor complex 

Anens (1954) considers the situation in which the response depends 
directly upon the intnnsic activity, «, and the proportion of receptors occupied, 
y In the experiments of Clark and Raventos a for the antagonists is zero, 
whereas a for tetrametbylammonium is the same as that for acetylchohne, 
which IS taken as unity There are, however, substances with an intermediate 
mtnnsic activity, which are called dualists (Anens) or partial agonists 
(Stephenson) Their low mtnnsic activity is revealed by their ability to 
antagonize compounds of higher jntrmsic activity They fail to act additively. 
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presumably because they occupy receptors which could be more profitably 
occupied by the drug with the higher intrinsic activity Furthermore, such 
drugs, however high the concentration tested, do not produce the maximal 
response of which the tissue is capable, for if the response varies with *y, 
and the maximal response, is obtained when y=l and a = 1, the 
response Rtoa dualist (intrinsic activity a) obtained with any concentration 
sufficient to saturate the receptors (y = 1) will be R/Ruix ~ “ Anens 
therefore estimates intrinsic activity by determining this fraction expen- 
mentally 

In his papers (e g Anens, 1954, Anens and De Groot, 1954, Angns and 
van Rossum, 1957) will also be found estimates of the affinity constant, K, 
based on the determination of the concentration which causes half the maximal 
response (in the case of a dualist, half the maximal response of which the 
drug IS Capable) The logarithm of the reciprocal of this concentration is 
called pDi, following a convention onginalJy proposed for antagomsts by 
Miller, Becker, and Tainter (1958, see page 193, D stands for dilution) 

This treatment involved two assumptions, that the response is directly pro- 
portional to the fraction of the total receptor population occupied, and that 
no agonist can have an intnosic activity greater than unity Stephenson 
avoids mabng these assumptions by lotroducmg another term, the biological 
stimulus, S, where S = ey,e being the efficacy, which can have any positive 
value from zero upwards, and y being the proportion of receptors occupied 
No assumption is made about the relationship between S and the biological 
response, though it is supposed that equal values of S will gi\ e equal biological 
responses as an arbitrary standard, a 50 per cent response is regarded as 
being produced when 5 » 1 Stephenson further suggests that it may be 
incorrect to suppose that a maximal response is only produced when oil the 
receptors are occupied He postulates that there may be ‘spare’ receptors and 
that, in consequence, a drug of high efficacy may give a maximal response 
when only a small proportion of the total receptor population is occupied 

Following from the convention, 5 = I for a 50 per cent maximal response, 
a partial agomst which can only produce a 50 per cent maximal response, 
even when all the receptors arc occupied, has an efficacy of 1, for S = ey 
(and y = 1) 

From results with butyltrunethylammonium (on the guinea pig ileum) 
Stephenson was able to obtain experimentally some idea of how the response 
was related to the biological stimulus for this particular drug and tissue 
If the proportion of receptors occupied by butyltrimcthylammomum is only 
a small fraction of the total, this proportion, y, will vary directly wth the 
concentration of the drug for. 


and 1-;,-! 

and^ = cy,so S’ will vary dircctlywith(i4) The relationship between response 

and stunulus can then be obtained by plotting response against dose, where 
the dose interval between no response and 50 per cent response is taken as 
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1 unit (Fig 1 1) This curve is not linear From it and from the equations 
S=ey = Stephenson was able to construct a senes of graphs 

showing the vanation of percentage response with concentration of drug 
for different values of e but with the same value of K These (Fig 1 2) are 
quite different from a similar family of curves calculated on the assumptions 
of Anens (Fig I 3), one of the chief differences being that m the latter, once 
the drug js capable of producing a maximal response, activity can only 



Fio 1 1 Relationship be(\ieen stimulus S, and percentage response for n butyl 
tnmethyiammonium on the guinea pig ileum This is obtained by plotting the per- 
centage response against the dose when the latter Is expressed as a multiple of the 
difference between the amount producing no response and the amount producing 
half the maximal response (fftephenson 1956 ) 

increase if affinity increases in the former it can increase because efficacy 
nses without an increase m affinity 

If the postulate of the existence of spare receptors is correct (and this 
seems likely to be so) the affinity constant /T cannot be obtained by measunng 
the concentration of agonist which produces 50 per cent of the maximal 
response It can, however, be araved at m certain circumstances For an 
active agonist the expression 

c eKjA) 

^ " 1 + KiA) 

reduces to 5 = eKA, because KA will be small (page 8) Now let an experi- 
ment be performed in which the reqwmse (/) to a concentration (P) of a 
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lag tnoiop caneantr^tian 


no. 1 2. Retallonship between percentage response and molar eoneentration of 
agonists with the same affinity constant (K » 10>) but different efficacies. The curves 
were obtained by ealcutating the proportion of receptors occupied at a particular 
eoneentration of agonist, multiplying by the efficacy to obtain the stimulus, S, and 
reading off the percentage response this should produce from the curve shown in 
Fig. 1.1. (.Stephenson, 1936 ) ‘ 



FIQ. 1 3. Relationship between percentage response and molar concentration of 
agonists with the same affinity constant (K = IIP) but different intrinsic activities 
(efficacies), calculated on the assurnpfhn that the response is directly proportional 
to the stimulus. 
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partial agonist (efficacy cp) is matched by a concentration (v4i) of an active 
agomst (efficacy Ca, affinity constant iTo), and a response {II) to (P) plus (/I3) 
of agonist IS matched by (Az) of agomst alone (Fig 1 4) If the partial agonist 
occupies a proportion x of the receptors, the response 7 is produced by a 
stimulus Si *= — CafIa(Ai) 



no 1 4 Determination ofthe affinity constant ofa partial agonist The response (J) 
to [P] of a partial agonist is matched by that to t<4>l 0 / an active agonist and the 
response (II) to [P] + [As] of the aetiie agonist Is matched by that to [At] of the 
active agonist alone {Stephenson, 1956 ) 

The response II is produced by a stimulus 

Si * e«^'«i(/t2) *= CpX + €aKt{Ai){\ — x), 

assuming values of S are additive and that the active agonist occupies only a 
negligible proportion of receptors, whereas the partial agomst occupies a 
significant proportion 

Hence, eaKa{A^ = eaKa{A{) + eaKe{Ai) (1 — x) 
or = 

As 

Values of x for different concentrations of partial agonist can be obtained 
and the true concentratioj) producing 50 per cent occupation of the receptors 
determined 

Values of the affinity constant, K, obtained in this way are not the same 
as those obtained from the concentration producing half the maximal 
response For instance, Stephenson, using the above procedure found the 
affimty constant for n heptyltnmethylammomum (a partial agonist) on the 
guinea pig ileum to be 4 1 X 10*. the concentration producing half the 
maximal response of which the drug is capable was 5 X 10^ M, which 
would give an affinity constant of 2 x 10* 

When discussing relationships between chemical structure and activity, 
It should be important to distinguish between effects on efficacy and effects 
on adsorbabihty It is, however, usually impossible to relate changes in 
chemical structure with changes m efficacy because the efficacy of a drug is 
seldom known Relationships between chemical structure and adsorbabihty, 
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however, should be relattvely easily amvcd at Although the true affinity 
constants of agonists arc rarely determined, a considerable amount of 
information about the influence of structure on adsorbability can be obtained 
from antagonists, whose efficacy is zero 


Antagonists 

If an additional molecular species is present which is capable of combimng 
with the receptors but forms a complex which produces no biological stimulus, 
the situation can be written (Gaddum, 1937) 

Agomst + Receptor Q>mpIcx-»- -► response 

Antagomst + Receptor Complex 

If the agonist molecules, m concentration (A), occupy a proportion, y, of the 
receptors, and if the antagonist molecules, in concentration (B), occupy a 
proportion r, we can write (as on page 5), 

-y-:) 

where Ka is the affinity constant for the agonist and the receptor 


'Csnr: 




-y-i) 

where Kb is the affinity constant for the antagonist and the receptor 


Dividing the two, ^ 


But 

and hence 


iA)KA » 


.. Al-y)(B)Ka 

1+(B)K8 

(j^(l+(Wa) 


When no inhibitor 
biological response to 
concentration, (B) of 
of agomst alone. 


IS present this becomes as on page 5, if the 

a concentration, (A), of agonist in the presence of a 
antagonist is the same as that to a concentration (a) 


When (A)/(a) is 2, that is, the concentration of the antagomst necessitates 
doubling the dose of agonist in order to keep the effect constant, 


(B)Ab«I, or iB)==l/KB 


This method of determining Kb makes no assumptions about the relauon 
ship between the biological stimulus, or proportion of receptors occupied, 
and the size of the response, because the size of the response is kept constant 
The value of (B) should be constant as it is equal to the reciprocal of the 
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affinity constant This is the pnnciplc underlying the use of pAx to express 
antagonist activity (Schild, J947) discussed in Chapter II (page 43) The 
value pAa, the logarithm of the rcaprocal of the concentration of antagonist 
which necessitates doubling the concentration of agonist in order to keep the 
effect constant, is equal to the logarithm of K, the affinity constant for the 
antagonist 

Discussion of the relationships between chemical structure and affinity 
based on the determination of pA* values is therefore justifiable to a much 
greater extent than is possible when affinity is based on the determination of 
pD vulues for agonists (^jage S) The antagonism considered here, however, 
IS a particular type, referred to as competitive antagonism, m which the two 
molecular species, agonist and antagonist, compete for the same receptors 
The antagonism is completely reversible, an increase in the concentration 
of agonist will overcome the effect of the antagonist and vice versa The 
degree of antagonism produced (as measured by Afa) depends on the con- 
centration of tlie antagonist and its association constant, Kb One charac- 
tenstic of this type of antagonism, therefore, is that the log dose-response 
curves m the presence of the antagonist are parallel to those for the agonist 
alone, being merely displaced towards higher concentrations by an amount 
equal to log Ala one thus obtains a family of parallel curves representing 
the variation of response with the logarithm of the dose of the agonist in the 
presence on different concentrations of antagonist (Fig 1 5) Not all anta- 
gonists behave in this way Some, for example, react with the receptors to 
produce a complex which is very stable and such antagonists are virtually 
irreversible They can only be removed by introducing yet another molecular 
species, tt ith which the reacting group on the ant agonist combines even more 
readily The collision of this reactivator molecule with the antagonist- 
receptor complex will then result m the transfer of the group to the reactivator 
and this product subsequently diffuses away from the receptor 

Another type of antagonist with different characteristics may act like an 
agonist at the receptors but fad to produce exactly the nght type of stimulus 
In consequence the biological processes which culminate m the response 
become blocked at some point beyond the first stage Such an antagonist, 
like the irreversible ones discussed above, may only act after a considerable 
time lag, whereas the effects of competitive antagonists appear rapidly, being 
dependent only on rates of diffusion for the achievement of equilibrium In 
the determination of pAe with histamine and guinea-pig ileum, for example, 
the antagomsm is maximal wiihm about 15 minutes indicating that equili- 
bnum takes only this time to become established 

It is possible to imagine a number of situations m which antagonism is 
other than competitive Many such have been considered in detail by Anens, 
van Rossum, and Simonis (1957) It may be questioned how far these 
hypotheses can be tested experimentally m view of the inaccuracies 
inherent in quantitative pharmacological measurements, but one situation, 
which has been called non competitive antagonism (Schild, 1954), will be 
discussed 
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Fio l5 Effects ofaeorrpetithe antagonist graph of log eoncfntration of agonist 
against peremiage of the maximal response In the presence of different eoneentra 
tlons of antagonist 

For an antagonist with an affinity constant of IQJ, the curse where [AVia] — 2 
{displaced 0 3 log dose units to the right of the cune In the absence of aniagomst) 
wouldbe producedby aeencentrationofVi *M,for[A]l\d\ = \0 by a concentration 
of 9 X 10** M, and for [A]j{d\ «=» 1004^99 x 10”* M The actual agonist used 
should be Immaterial, the graph in this figure is that for the compound with an 
efficacy of IQQ and a^tiy constant of l(P shown m Fig 12 Similar parallel curvet 
will be obtained if the proportion of receptors occupied, y, is plotted instead of the 
corresponding response denied from Fig 1 1 

Consider the situatwa where the formatron of tie complex by lie anfa- 
gomst depends only on the proportion ofreceptors not occupied by antagonist, 
thus 

where z is the proportion of receptors occupied by antagonist and (5) is the 
concentration of antagonist This rs different from the competitive situation 
in that the proportion, y, of receptors occupied by the agonist does not 
matter for the antagonist, possibly because the antagomst reacts with these 
to form a complex, Agonisl-Receptor-Antagonisl, according to the scheme 
Agonist 4- Receptor ^ Complex AR 
Antagonist + Receptor ^ Complex BR + Agonist li^molex ABR 
Antagonist -f* Complex AR ^ J " 

The same situation would abo ansc if the stability of the complex BR 
were very much higher than that of the complex AR, so that it virtually did 
not break down The further combination of molecules of such an ‘irrevcr- 
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sjbJe’ blockjng ageot with receptors would depend only upon the proportion, 
1 — e, of receptors not already occupied 
For the combination of agonist and receptor, 


Hence 


But 


So 


y = (y4)A:^ — }iA)KA — ziA)KA 

(A)f:A(i-2) 

1 + 


r =: (B)Kb - z{D)Kb 
{n)KB 
1 + {B)Kii 


3 ' = 


(A)Ka /. 

1+(A)Ka\ 


(B)Kb \ 
1 + {B)KbI 


(A)Ka ( I \ 

1 + iA)KA \l + iB)KBl 


When 5 = 0, this reduces to the expression for the agonist alone For 
different values of (B), however, the log dose-effect curves arc not parallel 
but decline progressively (Fig 1 6) If a maximal response is obtained when 



Fio 1 6 Effects of a non competitive antagonist graphs of lag concentration of 
agonist against proportion of receptors occupied m the presence of different con- 
centrations of antagonist The top graph is for an agonist (affinity constant, 10®) 
alone The middle and lower grapla are for agonist (n presence of antagonist (\0 
and A X 10 * M,respectnely,ifKB 10®) If there are* spare' receptors the graphs 
will be similar to those in Fig I 2 they will appear to be parallel until the block has 
developed to the point at which the proportion of receptors still unblocked is less 
than that nhick can produce a maximed response 
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y IS less than I, i e if there are spare receptors, it will be seen that, when 
{B)Kb is small, this type of antagonism will appear reversible, for higher 
values of {B)Kb, the block w lU not be reversed by the addition of more agonist 
This condition has been described as'unsurmountable’ by Gaddum, Hameed , 
Hathway, and Stephens (1955) 

To obtain some sort of estimate of the activity of such an antagomst, 
Schtid (1957) and Angns and Van Rossum (1957) have suggested the use of 
the concentration of antagonist which reduces a maximal response to the 
agonist to a half maximal response The logarithm of the reciprocal of this 
concentration is called pA* (Schild) or pDs' (Atiens and Van Rossum) If 
the response is directly proportional to the fraction of receptors occupied, 
this value would have some significance, for then 

1 ~ ^ ^ maximal response, this may not be umty if there 

arc spare receptors) 

1 + ( l H- ^ maximal response) 

Hence, dividing. 2 =* 1 + {B)Kb 

and log Kb = —log (B) = pA» 

As It seems unlikely that it is correct to assume that the response vanes 
linearly with the proportion of receptors occupied, pA^ or pDj cannot be 
regarded as having any absolute significance, and it is questionable how far 
such values may be used as a basis for the discussion of the variation of 
afiinity with chemical structure 

A Theory of Drug Action Based on Rale of Comhinatjon with Receptors 
The mteraction of a drug with a receptor involves three steps, the adsorption 
of the drug, some process or reaction consequent upon the formation of the 
complex, and lastly desorption of the drug In the discussion of the mechamsm 
of action of drugs so far it has been assumed that the response is a function 
of the proportion of receptors occupied by agomst molecules This assumes 
that biological stimulus will contmue to be produced all the tune that the 
drug and receptor arc combined The receptors can, therefore, be compared 
with the keyboard of an organ, the pipes of which will continue to speak so 
long as the note is depressed 

Paton (1961) has suggested that the stimulus may depend upon the rate of 
combination wth the receptors and that a situation analogous to a piano 
might be more correct On this theory an active compound would have to 
form a complex which was rapidly broken up and the ratCKronstant for the 
break up of the complex would be analogous to ‘efficacy’ or ‘intnnsic activity’ 
This ‘rate’ theory of drug action leads to a relationship between biological 
stimulus and the concentration of drug which is sery similar to that obtained 
on the ‘occupation’ theory At cquihbnum the rate of association of drug 
molwules with receptors willbekj(.r4) (1 — >) and will equal the rate of dis- 
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sociation, k^), where ki is the rate-constant for association, fca is the rate- 
constant for dissociation, {A) is the concentration of drug, and^* is the pro- 
portion of receptors occupied As on page 5, hence 

kn(A\ 

the rate of association = 

(/!) + kijkx 

Paton suggests that this rate is directly related to the response, but there is 
no reason why this should be so, it could, conceivably, only be comparable 
\sith the ‘biological stimulus’ as described by Stephenson (1956) 

From the dose-response curves it is impossible to distinguish between the 
two theones Paton showed that the results for histamine on the guinea-pig 

ileum, for example, would fit a curve of the type y = - ^o ~ 5 * especially if 

a particular type of lever (termed ‘auxotonic’) were used to record the 
contractions of the muscle This, m itself, docs not prove anything (particu- 
larly in view of Clark’s remarks referred to on page S), but with an auxo- 
tonic lever the contraction of the guinea pig ileum invariably ‘fades’ after 
a dose of agonist, j e it declines immediately after it has reached its peak 
This would be consistent with the decline m the rate of combination of 
dru*g with the receptors which should occur when a high proportion of these 
has become occupied immediately after the drug has been added On the 
occupation theory there is no reason why it should occur If other types of 
lever are used, however, ‘fade’ is often not seen, which suggests that it might 
have some other explanation 

One other phenomenon which the rate theory might explain conveniently 
IS *tach)phylaxis’ or ‘desensitization’, that is, the insensitivity of a tissue 
immediately after it has been treated with a high dose of agonist If the 
receptors have just been saturated with drug molecules the rate of eombina- 
tionwould necessarily be very low Tachyphylaxis, however, is often unspeci- 
fic, a large dose of acetylcholine renders the guinea pig ileum insensitive to 
histamine and 5 hydroxytryptamine as well as to acetylcholine It is known 
that these substances act at different receptors on the tissue because there are 
drugs which will block specifically the actions of only one agonist and do not 
affect the others This suggests that tachyphylaxis produces some general 
change m the tissue, rather than a particular effect at one type of receptor 

The ‘rate’ theory remains a possibility about which it will be very difficult 
to decide, particularly if it is modified so that, as with the ‘occupation’ 
theory, the rate of occupancy is considered to determine the ‘biological 
stimulus’ rather than directly to determine the response It is attractive in that 
it lakes into consideration the third stage in the action of a drug, desorption, 
which IS largely neglected on the occupation theory It would also explain 
why antagonists are usually bigger molecules than agonists and why many 
antagonists are active in much lower concentrations than agomsts, though 
this can also be explained by the occupation theory Perhaps it is fortunate 
that both theones lead to similar relationships between drug concentration 
and biological stimulus and tt is conceivable that they are not mutually 
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exclusive It could well be that with most agonists the proportion of receptors 
occupied (and the efficacy of the compound) determines the biological 
stimulus, but that with others the slow break up of the complex reduces the 
efficacy of the compound There is no reason why efficacy should not depend 
upon a number of independent factors, of which the stability of the complex 
and the ability to promote some change or reaction might be examples The 
situation may indeed be analogous to a piano, but even with a piano there is 
some degree of sustaining, the vibrations are not damped instantaneously 

Factors AfTectiog Adsorbability 

The adsorbability of a drug will depend upon its ability to fit the receptor and 
on any possible interaction between groups in the drug and groups in the 
receptor Such groups m the drug are accordingly important m determining 
Its biological activity and are termed pharmacodynamic groups, m this book 
the groups m the receptor with wluch they interact arc termed receptor 
groups (the whole receptor bemg called a receptor umt) 

Four types of link binding drug and receptor may be considered Arranged 
roughly m order of strength, these arc 

1 Covalent bonds * 

2 Coulombic attraction between positive and negative charges (not 
necessarily mvolvmg whole units of charge) 

3 Hydrogen bonds 

4 Van der Waab’ forces 

The energy of covalent bonds vanes from around 20 to 100 kcal/mole 
and a single such link between drug and receptor could result in the formation 
ofa very stable complex Even a weak covalent bond, such as binds arsenical 
drugs (in the form of arsenoxtdcs) to thiol groups - 

-As=0+“|Z — -A<^Z 

- gives a complex which does not dissoaate to any appreciable extent m 
biological conditions A bond whose strength is more than 10 kcal/mole is 
unlikely to break up at body temperature Such links can, however, be broken 
by the addition of other compounds contammg — SH groups to which the 
arsemc atom becomes transferred 

The force between positive and negative charges vanes with the size of the 
charge and the square of the distance between the charged centres In the 
most favourable conditions, when two whole units of charge are involved 
and come close together, the bond energy is around 5 kcal/w, which is about 
the same as that of a hydrogen bond The mteraction betw een partial charges 
on polar groups is less than this, as is also the Van der Waals’ bond between 
two atoms m different molecules The Van der Waals’ bond energy may be 
of the order of 0 5 kcal/M, but depends very greatly on the atoms concerned 
being able to come close together (the bond strength vanes inversely as the 
7th power of the distance between the atoms) 
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Any one of these last three types of bond - jonic, hydrogen, and Van dcr 
Waals* - could not by itself give me to a very stable complex between drug 
and receptor If, however, interaction between drug and receptor can take 
place at a number of points, at which any of these types of bond may be 
involved, the multiple forces binding drug and receptor could give nse to 
a complex with considerable stability In these circumstances the formation 
of the drug receptor complex is, nevertheless, likely to be a reversible 
process and the stability of the complex wll depend very greatly on the 
drug and receptor being able to fit closely together 

The Nature and Function of Receptors 

Although It IS possible to interpret the actions of drugs at receptors without 
considcnng these as more than hypothetical structures, it is natural to 
consider what such structures may be and what they may do, especially as 
any information about this should lead to a fuller understanding of the mode 
of action of drugs 

The receptors affected by acetylcholine belong to a special part of the cell 
concerned with its function, namely the apparatus responsible for imtiatmg 
contraction in muscle cells or for transmitting nerve impulses in ganglion 
cells (see Chapter IV) The biological response involves physical changes m 
the permeability of the cell membrane, in the polanration of the cell mem- 
brane, m movements of ions through the cell membrane and, in muscle, m 
the length of the whole cell These events may be a purely physical conse- 
quence of the biological stimulus arising from the drug receptor complexes 
These complexes may physically alter the membrane, perhaps changing its 
shape or the size of pores m it, and this physical change may produce the 
response Another possibility, however, is that the drug receptor complexes 
activate or inactivate some enzyme system or systems, and the physical 
events follow as a consequence of these enzymic changes Some of the events, 
such as changes in polanzation, might even be incidental and not directly 
connected with the biological response at all, although this seems rather 
unlikely 

The picture of drug receptor complexes acting hy physical means is not 
particularly helpful as there are few mcchamsms with which this can be 
compared The characteristics of enzymic processes, on the other hand, are 
well known and some drugs appear defimtely to be actmg through such 
mechamsms (the arsemcal drugs, for example, appear to inhibit respiratory 
enzymes, see review by Albert, 1960) 

Fnzymes 

Enzymes are proteins which catalyse reactions occumng m biological systems 
Most enzymic processes involve the alteration (e g by hydrolysis, oxidation, 
or reduction) of one particular molecular species called the substrate The 
reaction takes place at a point on the enzyme surface called the ‘active spot’ 
Experimental evidence (see, for example, Dixon and Webb, 1958) indicates 
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that the number of active spots per protein molecule is low, being of the 
order of unity or, at the most (so far observed), ten 
Enzymes can be divided into three groups 

1 Those which have absolute specificity, that is, which affect only one 
particular substrate For example, argtnase, the enzyme which effects the 
hydrolysis of S arginine, is absolutely specific The substrate must be 
argimne, the enzyme will not effect the hydrolysis of substances even 
extremely closely related to arginine The enzyme is also stereospecific, 
only the S form is affected (±) arginine is converted into a mixture of 
R*arginine and S ornithine 

2 Those which have group specificity Many enzymes do not distinguish 
between substrates which are closely related chemically to each other For 
example, acetylcholine esterase hydrolyses acetyl ^methylchohne and, 
less rapidly, acetybic mcthylcholine and triacetin as well as acetylcholine 
itself The enzyme, however, does not hydrolyse butyrylcholme 

3 Those which have low specificity These are not very common, but 
there are hpases (enzymes which effect the hydrolysis of fats) which belong 
to this class They affect faCs generally regardless of the nature of the fatly 
acid part of the molecule 

The reaction may involve another molecular species (e g water, oxygen, 
or a hydrogen acceptor) besides the enzyme and the substrate The enzyme 
may be selective and the reaction only proceed if this additional molecular 
species IS also of a particular structure, art oxidation, for example, with an 
enzyme may only proceed if a particular hydrogen acceptor is present This 
additional species is termed a coenzyme In certain enzymes an appropriate 
coemyine occurs naturally with the enzyme, being held quite firmly to the 
surface of the protein but separable from it by dialysis In these circumstances 
the ‘built m’ coenzyme is called a prosthetic group and the enzyme protein 
js called the apo enzyme 

Enzyme Kinetics 

The adsorption of the substrate at the active spot on an enzyme is exactly 
analogous to that of a drug at a receptor, already discussed 

Substrate + Enzyme 5^ Complex -»• Enzyme + Products 

The rate of formation of the complex « A.i(s)(e — p), where s is the substrate 
concentration, e the enzyme concentration, and p the concentration of the 
complex The rate of dissociation of the complex = kgp At equiUbnum 
;ti 5 (e — p) = fop The procedure, due to Michaelis and Menten then wntes 

a third constant Jf# = "1 - ^^ Tbis constant, blown as the Michaelis- 

P 

Menten constant is the dissociation constant of the enzyme-substrate com 
plex and it should be noted that this is kifki, whereas the ‘affinity constant’ 
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of the pharmacologist is kdkt This latter expression is also used by some 
workers to denote the affinity of engine and substrate and so has the value 

K, 

The Michaelis-Menten equation can be rewritten 


The reaction velocity, v, is assumed to depend on the rate of breakdown of 
the complex, hence v — Kp, where k is the velocity constant, therefore v == 
ke 

I ^ ^ j When s is large, this becomes V = ke, where V is the maximal 



no i7 Graphs of\jv against Ifs for the hydrolysis of acetylcholine by acetyl 
cholinesterases of dog s caudate nucleus v Is measured in \iUtres of carbon dioxide 
evolved per minute Although the actual rate depends upon the amount of enzyme 
present estimates of K, are not dependent on this and agree closely {\IKi = 2 800), 
especially if the results obtained with the lowest concentration of substrate are not 
given full weight (these especially in the experiments with only 3 mg tissuel flask, 
are at about the limit of the sensitivity of thisparticular apparatus) In these experi 
ments the substrate concentration is too low for there to be inhibition by excess 
substrate (Chapter VIIT) (Results obtained by Hamilton, 1961 ) 
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velocity, obtained when the enzyme is saturated with substrate The velocity 

at a lower degree of saturation therefore be written v = , , ^ - 7 - and 

1 + tills 

when V = V/2, s — K^ (The equation is often also written m the form 
iV-v){K, + s)^VK,) 

The adsorbability of a substrate at the active spot of an enzyme can, 
therefore, be determined simply and accurately and e;rpressed as the reci- 
procal of the Michaelis-Menten constant, AT* In addition to the method 
already mentioned, plotting the graph of the rate of the reaction against the 
substrate concentration and observing the concentration at which the rate 
IS half-maximal, the Michaclis-Meoten constant can be determined by a 
number of other methods (see, for instance, Dixon and Webb, 1958) In the 
procedure of Linewcaver and Burk (1934), l/v is plotted against 1/j, 

\ly = \IV-^K,lsV, 

SO the graph should be a straight hne with intercepts of 1 / 1 ' and — l/AT* and 
with a slope of KifV (Fig 1 7) 

In the method of Augustinsson (1948), v is plotted against v/s, 
since r = V + A'*v/s, 

this should be a straight line with a slope of —K, and intercepts of V and VIKt 
(Fig 18) 

The value of the Michaehs-Menten constant is much more informative 
than the pharmacological afSmfy constant because, in the enzymic experi- 
ments, the response, 1 e the rate of the reaction, should be directly related 
to the number of active spots occupied The velocity constant, fc, for the 
breakdowm of the complex, however, vanes from one substrate complex to 
another (depending on the nature of the substrate) and can be likened to the 
efficacy 

The effect of an inhibitor can be calculated m a way analogous to that 
lor receptors (page iZ], because dissociation consdints, rather than assotna- 
tion constants, are used in enzymology, the equation 

(X)h:x-j^(i + (B)hr«) 

becomes x/AV = — (1 + f/Ai), 


where 7 is the concentration of inhibitor and Kt is the inhibitor constant, the 
dissociation constant of the complex formed by the enzyme with the inhibitor 
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Accordingly esfK, — ysfK, = ><1 + JjKi) 

V _ 
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I + A,/j(I + IfKt) 


and the rate of reaction. 


' I + A,A(1 + IJKt)' 


where V is the maximum velocity, obtained when no inhibitor is present and 
the enzyme is saturated with substrate 


When /= 0, this reduces to v = 


V 

1 + k»ls 



FIG i8 The graphs of V against vjs for the sasTV results as in Fig 17 Ifthepoint 

for the lowest concentration of substrate and the smallest amount of enzyme is 
neglected, the slopes of the lines are very similar and Independent of the actual 
amount of enzyme present, they indicate a talue 0/2,500 /or l/Kt 

The equation for the inhibited reaction can also be wntten 


Uy=UV+K.lsV+^ 

consequently the graph of 1/v against /is a straight hne If the cxpenment is 
repeated with a second concentration of substrate, s , a second hne svill be 
obtained, and Dixon (1953) has shown that this should intersect the first 
hne at the point where I = — (Fig 1 9) At the point of intersection, 1/v 
and I will be the same for both sets of expenments and so will V be also. 
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because the same amount of enzyme is used in all the experiments Accord- 

Ktl 


jngly. 


KJ _ K, 


sKiV sKtV 

ia + //A'i) = i(i + //^r,) 


and because s does not equal s\ (1 + I}K^i must be zero, i e / = — AV 



T 1 o 1 9 Graphs of llv against inhilniar 
coneentrallon, (/], for a competiihe 
antagonist, the tno lines represent 
results with different concentrations of 
substrate, s and s', and should miersecl 
Hhen 1 Ki 



FIO 1 10 Graphs of 1/k against 
inhibitor concentration, [l\, for a 
non competllne antagonist of the 
type discussed on page 14, the 
two lines represent results with 
different concentrations of sub- 
strate, s and s', and should inter- 
sect nhen J ™ — JiTi and 1/v “ 0 


If the inhibition is non-competitive and of the type desenbed for pharma* 
cological receptors on page 14, in which the formation of the complex by 
the inhibitor is independent of the formation of complexes by the substrate, 


and hence 


-z)s 


■ 1 + l/Kt 
y = {e — s) 


SIK. 

1 + J/A. 




J PJMeA) -hW 


- (1 + Itmi K,ls) 


and the rate of the reaction, v, 

V 

(I + m)ii + A'ds) 


This can be written in the form 


l/v = p(l + TO)(i + ftW 
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so, as with competitive antagonism, the graph of I/v against / is a straight 
line The value of can be obtained directly from this graph because, when 
1/v IS zero, (1 -f IjKi) must also be zero (for \jV and (1 + Ktjs) cannot be), 
hence / = —Kt 

If the experiment is repeated with a second concentration of substrate, 
another hne passing through the same point should be obtained (Fig 1 10) 
For a further discussion of enzymes, see Dixon and Webb (1958) 

Conclusion 

There is a striking similanty between the interactions of enzymes, substrates, 
and inhibitors (or heterogeneous catalysts, reactants, and poisons) and tissues, 
agonists, and antagonists Although the conditions are not absolutely com- 
parable, information from enzymic reactions may be helpful in discussing 
drug-receptor mechanisms Such information will dearly be especially useful 
when the receptor mechanism is known to involve enzymic processes 
On the whole, an enzymic mechanism for the action of a drug at a receptor 
would be easier to understand than a ph^ical one The concept of efficacy 
fits simply into an enzymic scheme and the biological stimulus may be pro- 
vided by the accumulation of a reactive substance which enters into the next 
stage of a senes of reactions A physical mechanism, such as the alteration 
of a particular part of a membrane, is more difficult to understand It would 
seem less likely to lead to a variable efficacy, because the change in structure 
brought about by the fit of the molecule to the receptor should either occur 
or not occur The question, however, is completely open, and many drugs 
are known, agonists as well as antagonists, whose action at the receptor 
cannot involve their destruction or modification, it is difficult to see how these 
can be acting directly on an enzyme system 
In this book an attempt is made to discuss the relationships between the 
chemical structures of drugs and their effects at the most fundamental level, 
e g on enzymes It will be seen, however, that at present it is not often possible 
to do this, or even to form an idea of the enzymes imolved 
This approach necessitates a new consideration of drugs These are not 
regarded according to their usefulness or according to the method of syn- 
thesis (to name two common ways of looking at them), they are considered 
only for their effects m one particular situation 
Gassification of Sites Where Drugs May Act 

This account of a chemical approach to pharmacology, therefore, necessitates 
a definition of the sites at which such an approach may be possible Ideally 
these should be simple m structure and in the mechanism by which the 
effects are produced, and also such that they can be isolated from the rest 
of the body, so that the effects of drugs on them may be studied directly 
Sites are accordingly discussed in the following order 

1 Penpheral nerve fibres 

2 The junctions of nerve-fibres with muscle, or of nerve fibres with 
nerve fibres (as m ganglia), and 

3 Muscles or organs 
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No attempt will be made to discuss the actions of drugs on the central 
nervous system Although much progress has been made in understanding 
the processes occurring m the central nervous system and it is now possible 
to perform direct expenments, for instance, on single nerve-cells in the spinal 
cord. It is still difBcult, and often impossible, to specify the sites within the 
central nervous system where drugs are acting It is therefore questionable 
whether it is justifiable to discuss the actions of drugs on the central nervous 
system m chemical terms It is possible, for example, to correlate chemical 
structure with analgesic activity (ability to alleviate pain), and very intercstmg 
relationships have been observed (reviews by Eddy, 1959, Beckett and Casy, 
1962), but little is known about the nature of pain, what pathways m the 
central nervous are associated with it, and whether the observed effects of 
the drugs are all produced by the same mechanism For these reasons, and 
for others set out m the preface, this discussion is limited to the actions of 
drugs on certain peripheral sites 

Before proceeding to a discussion of the relationships between chemical 
structure and pharmacological activity, however, it is important to know 
how the activity is assessed The next chapter deals with the principles on 
which quantitative pharmacology is based At this point, loo, the reader who 
is unfamiliar with anatomy, physiology, and biochemistry should turn to 
the Appendix This is designed to provide him with sufficient background to 
make the rest of the book intelligible 
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Importance of Quantitative Expenments 

The growth of pharmacology m this century has to a large extent been due to 
the development of quantitative methods for the estimation and comparison 
of drugs This has come about largely by the apphcation of statistics to the 
interpretation of biological results The correct assessment of the meamog of 
the results of pharmacological experiments is so important that a bnef ac- 
count is included here so that the chemist may realize some of the difficulties 
involved and may judge critically and inteUigently the value of results quoted 
in later chapters and to be found in (he literature 

Biological Variation 

When a chemistry student performs a titration he expects to obtain results 
which are consistent to a high degree Any serious vanation m the answer 
arises from errors by the observer, not from the experiment itself In bio 
logical experiments, however, the situation is far more complex Great 
vanations in response may be found even when all the obvious vanabics, 
strain and species of animal, sex, tune of the year, temperature and so on, 
have been controlled An example of this is given in Fig II 1, which shows 
the variation m the body temperature among a group of medical students 
taken at the same time and in the same environment This biological vana 
tion, as It IS called, should be one of pure chance and can be treated as a 
problem in mathematical probabihty 

Chemists should be famihar with a somewhat similar vanation, that of 
speed among molecules The chances are greatest that a molecule will have a 
speed of about the root mean square velocity, but some will have speeds 
much less and some much more, than this The chances of very high speeds, 
however, are less than those of very low speeds and consequently the distn- 
bution is skew (Fig II 2) In biological problems there may be no reason why 
extremely low values should be more likely than extremely high ones and 
the distnbution may be symmetncal about the mean This situation may also 
be famihar to some chemists - such as microanalysts - in whose expenments 
27 
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Body (f/KperaCiV* l*rl 



4-3-210 » 93 

Dtr ation of body tioiporattro from mean trprtited as a muitiplo 
of tfio standard dot ation 


Fia II 1 Distribution of body temperature among medical students attending a 
lecture 

There « ere 276 students and the mean body temperature 98 1* F The upper 
histogram skons the number of students rrhose body temperature lay in the range 
(0 2°) indicated by the blocks, the lower histogram ^lows the same results but with 
the number of students expressed as a proportion of the total and the temperature 
expressed in terms of the mean and the standard denation, h hieh in these experiments 
moj04*F therangc9S2'‘-9Z4*,forexample,becomes+02Sto+015<3 (Drann 
from results of Du Dots, 1948 ) 

errors of observation are likely to be significant In reading a micro- 
burette, or jn performing a combustion analysis, the limits of accuracy may 
be set by the ability of the observer to read his instruments consistently The 
chances are (or ought to be) that he will record something approaching the 
true value, but there may be a significant chance that he will record some value 
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slightly less or slightly greater His results will therefore be subject to bio- 
logical variation ansing from the observer In biological experiments this 
variation arising from errors of observation is usually much less important 
than the vanation ansing from the biological experimental material In 
order to assess the value of pharmacological results it is particularly im- 
portant to have some understanding of how these results are likely to be 
affected by biological variation 



FI Q 1 1 2 DtsirtbuUon of speed among molecules 
Normal Distribution 

Figure II 3 shows the variation in the dose of digitalis which kills a cat This 
dose, the individual lethal dose for a particular cat, was obtained by infusing 
digitalis slowly until just enough had been given to stop the heart Most of 
the animals in this experiment were killed by a dose somewhere near the 
mean lethal dose (x or LDso), but there is a considerable scatter due to more 
sensitive and less sensitive animals m the group A measure of this scatter 
can be made by calculaung the variance, K, being obtained by summing the 
squares of the deviation of each result, xr, from the mean, x, and dividing by 
the number of degrees of freedom (one less than the number of animals, n) 

„ 

«- I 

The actual value of x — x may be positive or negative, depending on whether 
X IS greater or less than x and S(x — x) should be zero The value (x — x)", 
however, can only be positive and provides a sensitive indication of the 
scatter because the squanng process gives great weight to divergent results 
It might seem logical to divide this total by the number of results, rather 
than n — 1, but with n — 1 deviations from a mean value, the nth deviation 
follows as a matter of course (because S(* — x) — 0) 

Another term which may be used to measure scatter is the standard 
deviation, o, which is the square root of the variance 

A large standard deviation indicates a wide scatter of results and a flat 
distnbuUon curve, a small standard deviation indicates that the results he 
close together 
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no II 3 Vanatlon in the dose of d^itatis hA/cA kills a cat 

There were 573 cats, and the doses were expressed as a percentage of the mean 
lethal dose The upper figure shows the number of eats for which the lethal dose lay 
in the range (4 per cent of the mean) indicated by the blocks for example, for 82 
animals the dose w as between 92 and 96 per cent of the mean The lower figure shows 
the same results but with the number of eats expressed as a proportion of the total 
and with the dose range expressed on terms of the standard deMalion. which in 
these results wa# 1 3 03 per cent of the mean, far example, the range 92-96 per cent 
of the mean corresponds to -0614 to -0307 a (Drawn from results of Van 
fVijngaarden, 1926) 

If the distnbution is now plotted, not in terms of the actual dose, x, but 
ID terms of the mean dose and the standard deviation, « 0 e against N, 
where x = ^ + No), all curves should assume the same shape, that of a 
normal frequency curve The probability of obtammg results lying within the 
range x + Nia and x + Nza, where x is the mean, a the standard deviation, 
and Ni and Nz are vanables, can be calculated purely from mathematical 
considerations of probability and is given by the expression 




Quantitative Methods m Pharmacology 31 

This integral is not a simple one, but values of P for particular values of Ni 
and Nz can be obtained from tables For example, when Ni = —1 and 
i ^2 = +1, P = 68 2 per cent, i c this proportion of the results should he 
within one standard deviation on either side of the mean For Ni — —2 
and Nz = -f 2, P = 95 5 per cent, and this proportion of the results should 
lie within two standard deviations of the mean The experimental results in 



FIG n4 Calculated and observed probabthty distributions 

The top section shows the probability of obtaining results in the experiment with 
medical students lying In the range indicated {the width of the blocks is 05 d) 


fN,/ 1 -\N'\ 

calculated from the expression j jdN, compared with the experi- 


mental results (Fig II 1, shown as the broken line) 

The middle section shows the same for the results in the experiments with cats 
(the width of the blocks is 0 3 o and the results in Fig n 3 are shown as the broken 
line) 


The bottom graph shows the function 


V2n 


dPjdN, plotted against N 
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Fig II I agree fairly well with this, 61 7 per cent of the students had a body 
temperature witlun the range 97 7-98 5* F (the mean was 98 1® F and the 
standard deviation 0 4® F) and 91 3 per cent within the range 97 3-98 9* F. 
In the experiments with cats the percentages were 73 3 withm ±o, and 93 9 
within ±2 b It should in fact, be possible to calculate the values of F for the 
limits used m producing the lustograms shown in Fig II 1 and Fig II 3 and 
to compare these with the proportion of results observed to be lying in that 
range (Fig II 4) 

The Accuracy of a Mean 

The normal distnbution of results applies not only to smgle detenmnations 
distnbuted about a mean but to mean values themselves determined expen 
mentally When a group of expenments is repeated it does not follow that 
the same mean value wll be obtained as previously (though the new mean 
should be much closer to the previous mean than should one single result to 
another) The expenmentally determined means should be distnbuted nor- 
mally about the true mean (obtained only from an infinite number of experi- 
ments) and an estimate of the standard deviation of this distnbution, which 
is called the standard error, e, is given by 

Vn V - 1) 

If this standard error were the true standard deviation of the experimental 
means about the true mean, the chances are 68 2 in 100 that the true mean 
will lie within the range Jc ± 0 , and 95 5 m 100 that it lies within S 
As It IS only an estimated value the range must be extended and a correction 
factor introduced The corrected value is called the r-deviate and will depend 
upon the number of degrees of freedom involved in estimatmg the standard 
error The larger the number of expenments, the more hkely the standard 
error is to approach the true value of the standard deviation of the means 
about the true mean Tables of the t deviate mdicate the range within which 
the true mean is likely to he at a particular level of probahihty For example, 
with 5 degrees of freedom (6 expenments) it is 2 57 at a probabihty of 0 05, 
e there are only 5 chances m 100 that the true mean lies outside the range 
x ± 2 57e (compare with 1 96e for an infinite number of degrees of free 
dom) The actual values x — 257e and i -h 2 57 b are referred to as the fidu- 
cial limits at a probability of 0 05 

Mean values quoted in the literature should therefore be given either with 
their standard error and the number of expenments on which they are 
based, or with a statement of the fiducial limits at a particular level of 
probability 

Companson of Tno Means 

It IS often necessary to decide whether the differences between two mean 
values, xi and X 2 , are real or could simply have arisen from biological vana- 
tion From the standard error, ei and number of degrees of freedom (m — 1) 
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for the first set of results, it should be possible to express the chances of 
obtaining the value ^2, the mean of the second set Likewise it should be 
possible to express the chances of obtaining x\ m the second set of expen- 
ments with a mean of X2, a standard error of eg and nz — 1 degrees of free- 
dom By combining these considerations it should be possible to express the 
chances that the two means will be separated by a particular distance ex- 
pressed as some multiple of a function derived from the two standard errors 
If they are further apart than this, they are significantly different at that 
particular level of probability the test for significance is in fact, 

Xl — Xz> tV ti^ + C2^, 

where t is the t deviate based on the total number of degrees of freedom, 
Hi — 1 -f n2 — I, and the level of probability chosen For example, the 
t deviate at a probability of 5 in 10 0 and 8 degrees of freedom is 2 31 If 
therefore ii — jfa> 2 31 + ce*, where the total number of experiments, 

m 4- «2, = 10, there are less than 5 chances m 100 of obtaining the two means 

and .^2 (by chance) and they can be termed significantly different at a 
probabihty of 0 05 It may, of course, be argued that if there are as many as 5 
chances m 100 of the two means being obtained (by chance), they are not 
significantly different, and it rests with the investigator to decide what 
chances will be convincingly significant (to himself and to other workers) in 
any particular set of conditions 

Types of Response 

In biological experiments two types of response are possible graded and all- 
or-none (‘quanta!’) 

A graded response is one whose size vanes (over a range) depending upon 
the effect of a drug For example, the contraction of a piece of muscle m 
response to the action of a drug may vary from no contraction at all up to 
the maximal contraction of which the muscle is capable Biological variation 
will be observed m that the response obtained with a particular dose of drug 
will not be the same on one piece of muscle as it is on another, nor, even, 
wiU exactly the same response be obtained when the effect of a particular 
dfise js fesJed repeatr^iy ow She same p>eee of xcuisrJe 

In a toxicity experiment, however, only two responses are possible, life or 
death, hence the name all or none Biological variation will here be observed 
in that the dose which kills one animal may not kill another The quantitative 
treatment of these two types of response is necessarily different, although the 
pnnciples underlying the statistical treatment of the results are essentially the 
same 

Graded Responses 

In experiments where the action of a drug gives a graded response, it should 
be possible to compare the effects produced by a standard solution and an 
unknown solution by plotting the size of the response against the dose and 
comparing the two graphs so obtamed If the standard and unknown contain 
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the same drug (m di/Terent concentrations) the two graphs should be parallel 
and an estimate of the concentration in the unknown could be made The 
graph of dose against response, however, is usually a sigmoid curve, and it 
may be extremely difGcuIt to deade how this line should actually be drawn A 
plot of the loganthm of the dose, rather than the dose itself, against the 
response, on the other hand, is more likely (see p 6) to be a straight line, at 
least over the middle part of the graph The log dose-response relaUonship, 
therefore, is more suitable for quantitative work The accurate placing of two 
points on the standard graph and two points on the unknown should suffice to 
fix the two lines (called ‘regression Imcs’) accurately, provided the graphs really 
are hnear This assumption forms the basis of the ‘four point assay’ 



Fio II 5 Four point assay mean responses, si and st are shoitn to doses Si and 
St of standard and ti and ft to Tt and Tt ofunknoy^n The actual units of the doses 
of standard and unknown may be quite different for example, moles mih the 
standard and grammes of powder with the unknorm This does not matter, because 
the logarithm of the dose is being used and the intenal d, on the log scale is the 
same for both In this particular experiment the amount of unknown used Is producing 
a bigger response than the amount of standard 


By preliminary testing two doses of unknown 7i and Tt and two doses 
of standard, and St are found which produce between about 25 per cent 
and 75 per cent of the maximal response The calculations arc simplified if 
the ratios of the doses 2s/7i and SzfSi are the same it is often 2, but the 
actual value will depend upon the steepness of the dose-response curve, 
sometimes doubling the dose which gives a 25 per cent response will produce 
an effect greater than a 75 per cent rcqjonse These doses are then given in a 
random order a number of times (usually four times each) 

Suppose that the mean response to Si is si, to St is and so on (Fig II 5) 
If the regression lines are parallel, the slope, b, will be given by 

, Sz — 31 4- *2 — fi 
‘ = 23 


where d (the Tog dose mterval ) js the loganthm of TtITi (or St/SO This 
value is based on information from eight pairs of responses The quantitative 
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difference between the responses produced by the unknown and those pro- 
duced by the standard (the ‘preparation difference’) will be given by 

/S — S3 + /i — 

2 

this value, too, being based on eight pairs of responses The 
strength of the unknown (its *poten<qr’) can then be calculated, for 

the response TT is produced by multiplying a dose by 10^ 

Hence the response ^ is produced by multiplying the con- 
centration in the standard by 10^, where M = ~ x d 

Note When drugs are given in solution, the dose depends upon both the 
volume and the concentration If the volumes of the doses 7i and .Si are the 
same, the potency, 10^ indicates the concentration of drug in the unknown 
If, however, Vt/ml of unknown solution are used as 71 and Vt/ml of standard 
as Si, then the concentration of drug in the unknown solution will be 
10 “ 

The advantage of this type of procedure over plotting the graphs over a 
range of doses is that it readily lends itself to the statistical assessment of the 
errors attached to the assay It is possible, for example, to attach ilducial 
hmits to an answer obtained by this way (see Bum, Finney, and Goodwin, 
1952) 

All-or-none Responses 

In experiments where the response is all or none, the comparison of a 
standard with an unknown involves the use of groups of animals Although a 
dose will either kill one particular animal or fail to kill it, it need not neces- 
sanly kill all the animals m a group or fad to kill any Because of the bio- 
logical variation of the individual animals, a dose may kill only a certain 
percentage of the group If, therefore, several groups of animals are given 
different doses of thn dxug^ Ihft pecceula^ mortality vothin a. gcoup should 
vary with the dose 

The percentage mortality can be regarded as a graded response, just as was 
the contraction of a muscle, considered above, but the graph of dose against 
percentage mortality is sigmoid, being, m fact, an integrated normal fre- 
quency curve A dose of the drug will kill not only those animals for which it 
is the individual lethal dose but also all those whose individual lethal dose is 
smaller than this This property of the curve can be made use of m order to 
derive a function of the effect (percentage mortality) which varies linearly 
With the dose 

Instead of using the expression for probability, 
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between the tw o limits Ni and Nzt the lower limit, Ni, is taken as — co, and 
consequently the value of P will now indicate the chances of obtaining an 
animat whose individual lethal dose is less than, or equal to, the upper limit, 
Nz It should, therefore, correspond to the percentage mortality observed 
when a dose, x + W 20 (a being the standard deviation), is given to a group of 
animals As the normal frequency curve is symmetrical, this form of the 
curve Will also be symmetrical, and the mean lethal dose will kill 50 per cent 
of the animals and is called the LD50 Table II 1 shows the values of P for 

TABLE ir 1 

Convertton of Percentage info Probability Units (Probils) 
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steep curve, others a much flatter one If a large number of groups of animals 
were used m a toxicity experiment and if the standard deviation (of the 
individual lethal doses about the mean, were known, it should be possible 
to reproduce the integrated normal frequency curve itself (Fig II 6) Instead 
of plotting the percentage mortality against the dose, x, it would be plotted 

against the normal equivalent deviation, N, where N = Drugs with a 

flat percentage-mortality-dosc curve will have a large value for o, those with a 
steep curve will have a small value, and the plot of percentage mortality 



FIG ii6 Integrated formof normaifrequcncydislributiontcf Fig II 4) percentage 
of results hkffy tfl Fe /it £tr ifss than o yalue ahoye or below the mean by a 

particular multiple, N, of the standard deviation 

against N will reduce them all to the standard theoretical shape The deter- 
mination of the percentage mortality m a group of animals produced by a 
dose of a drug is a very simple procedure compared with the lengthy process 
of determining the individual lethal doses of the same number of animals 
It might seem relatively easier, therefore, to venfy the integrated normal 
frequency curve as compared with the diflScuIty of verifying the normal 
frequency curve itself The value of the standard deviation, however, can 
only be obtained by determimng the individual lethal doses of a number of 
ammals, so the reproduction of even the integrated normal frequency curve 
is not a simple matter 

If It is assumed that the individual lethal doses are distributed normally. 
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then the graph of against the percentage mortality should fit the 

integrated normal frequency curve (Fig 117) The value would actually 

equal AT, the normal equivalent deviation corresponding (on the theoretical 
curve) to the particular percentage mortality The values g and a are constant, 
hence the graph of x against N should he a straight line whose equation is 
x = x + No (Fig H 8) 

The graph of dose against the normal equivalent deviation (or the probiC) 
of the percentage mortahty accordingly forms the basis for quantitative 




Fio II 7 Integrated forms of Fig II I {left) and n 3 {right) percentage of the 
total number of the group whose body temperature or lethal dose nor less than, 
or equal to a value above or below the mean by a particular multiple, N, of the 
standard deviation The dotted curve is the Integrated form of the theoretical fre- 
quency curve 

expenmeats with drugs which produce all-or none responses Toxicity tests 
m only two groups of animals should be suEBcicnt to establish the LDso 
(Jc) of a drug (and also a, if requireiiO and comparison of a standard and an 
unknown can be earned out by a technique such as the four point assay de 
scribed for graded responses Statistical procedures can be used to describe 
the fiducial limits of these estimates 

In this account it has been assumed that individual lethal doses are distn- 
buted normally, and the results in Fig II 4 and Fig II 7 can be taken to 
support this Gaddum (1945), however, has pointed out that m many in- 
stances It 1 $ the logant^ of the dose, rather than the dose itself, which 
appears to have a normal frequeni^ distribution The procedures desenbed 
here, therefore, may need to be modified by using the logarithm of the dose 
rather than the dose itself The method of Litchfield and Wilcoxon (1949) 
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PIQ n 8 Graph of x against N, on the left are the results of Fig 11 1 and on the 
right those of Fig II 3 In both these experments o hoj knoyrn (0 4® fw the for* 
mer and 13 03 per cent of the mean dose m the latter), and so the graph must 
necessarily be a straight line In a toxicity experiment e Mould not be determined 
but the dose, x, would be plotted against the value of H corresponding with the 
percentage mortality obsened as found from the standard curie iFlg II 6) The 
result will be a straight line only if (he variation really fits the normal frequency 
curve 

tor the evaluation of LDso> the slope of the line and the confidence limits, 
using nomograms and probability graph paper instead of logarithms and 
tables, IS based on this assumption of a ‘log normal’ distribution 

Disguised AlI-or-Nonc Responses 

Many biological structures are composed of individual units which give all- 
or-none responses, although the whole structure appears to give a graded 
response The phrenic nerve-diaphragm preparation of the rat (Bulbrmg, 
1946) js an cTample It consists of a stnp of muscle, the diaphragm, attached 
to a lever and stimulated electrically (usually about ten times per minute) by 
electrodes placed on the phrenic nerve (Fig II 9) If a drug such as (-f) tubo- 
curanne chloride is addrf to the bath in which the preparation is kept, the 
contractions gradually dimmish m size, the percentage reduction after a 
standard time can be used as an indication of the blocking effect produced 
If this percentage reduction is regarded as a typical graded response, it 
would be reasonable to expect the graph of the logarithm of the dose against 
the percentage reduction to be a straight line and to use this graph as a basis 
for assays (Chou, 1947) 

In fact, however, both the nerve and the muscle are made of fibres, each 
of which cither function fully or not at all The drug may therefore be 



40 Introduction to Chemical Pharmacology 

regarded as producing an aU-or*none effect, fundamentally the same as jn a 
toxicity experiment The percentage reduction m the contractions of the 
muscle should be a measure of the percentage of the muscle-fibres ‘knocked 
out’ fThe way m which they are blocked is immaterial, the drug actually 
blocks the junction of the nervc-fibrcs and the muscle fibres) It would be 
expected therefore that the graph of the dose against the probit of the per- 
centage reduction of the contractions would be a straight line, but in fact the 
graph of the logarithm of the dose against the probit of the percentage 
reduction appears to be more nearly linear (Barlow and Ing, 1948) The 
errors involved in this kind of experiment, however, make it dilBcuIt to 
attach great significance to the apparent fit of the results to a particular 



mathematical expression Because of the movement of the lever and its inertia, 
the actual size of the traemg is not an accurate measure of the biological 
response Further, the population of muscle fibres may not be homogeneous, 
a few m particular may be contnbuting much more to the response than the 
others All the same, it is important to recognize a disguised all-or-none 
response for what it is improvements in recording technique may well 
justify in future plotting the probit of the percentage effect, rather than the 
percentage effect itself, against the dose (or loganthm of the dose) if assays 
are to be performed as accurately as possible (see, for example, Bevan, I960) 

Comparison of the Activity of Different Drags 

The quantitative methods outlined above show how it may be possible, given 
a standard solution of a drug, to estimate by bioassay the concentration in an 
unknown solution Such bioassays are extremely important for the stand- 
ardization of biologically active materials which have not been isolated com- 
pletely pure, or even for substances like insulin, which have been obtamed 
crystalhne, but are not normally prepared commercially m such a high degree 
of punty They may also be extremely useful for the assay of highly active 
substances, such as adrenaline, in concentrations which are too low to be 
estimated satisfactorily by chemical methods 
The companson of the biological actmQr of one drug with that of another, 
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however, is a different matter In a bioassay it is assumed that the regression 
lines for the standard and the unknown are parallel, as indeed they should 
be when the same drug is present in boUi solutions When two different 
drugs arc being tested, however, there is no reason why this should be so 

Further, when two solutions of the same drug are being compared, the 
rate of onset of the effect, the duration of the effect and its intensity all 
depend only on the amount of drug administered The pharmacological test 
may actually only measure one of these parameters The three are not 
necessanly connected, however, and the time course of the effects produced 
by two different drugs may be quite different If they are, it is intnnsically 
impossible to express cumencally (as a ‘potency’) the activity of one drug in 
terms of another It is impossible, for example, to compare numencally the 
activity of a drug which acts rapidly but for a short time with that of a drug 
which acts slowly for a long time A potency figure can, of course, be obtained 
if the two are compared by a pharmacological test which only measures one 
parameter of the effect, say rate of onset, or duration Such figures are, 
however, completely meaningless, as they will depend entirely on the para 
meter being measured 

The numerical comparison of (he activity of two drugs depends upon 
establishing that the time courses of their effects are comparable and that 
their dose-effect curves are parallel If these conditions hold, the relative 
activity of the two can be expressed by companng the amounts (or concen- 
trations) which produce comparable effects The result can be expressed as a 
potency, or, more suitably, as an equipotent molar ratio, that is the number 
of molecules of the test drug which produce the same effect as 1 molecule of 
the standard It is important to remember that a high potency indicates high 
activity but a high equipotent molar ratio indicates low activity 

Two drugs may produce the same biological response (e g death, con 
traction of a piece of muscle) by actions at completely different sites or by 
different mechanisms even if they act at the same site If their time courses are 
comparable and their dose-effect curves parallel it is likely, but does not 
necessanly follow, that they are acting at the same site and in the same way 
If their time courses are not comparable and their dose-effect curves are not 
paraffet this may be taken as an indication that they are not acting m the 
same way, but agam this does not necessarily follow, because the differences 
may anse from other factors, such as rates of transport or penetration, and 
not from differences m the fundamental mode of action It may be desirable, 
therefore, to attempt to obtain some idea of the relative activity of two drugs 
even when their dose-effect curves are not parallel In these circumstances it is 
necessary to plot the curves and to express the potency (or equipotent molar 
ratio) as a range, specifying the level of effect at which the comparisons are 
made This range may be considerable, eg in Fig II 10 the potency of 
^Hucaine relative to cocaine is between 0 56 and 0 22 depending on the 
level of anaesthesia at which the comparison is made Sometimes the figures 
can do no more than indicate an order of magnitude but in certain circum 
stances even this information may be of some use 
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no It 10 Comparison of the heal anaesthetic effects in guinea pigs of eeeatne and 
at the level /, eomparable effects nould he produced 1 8 times as 

muck p-Eucame as cocaine, but at level II 4 5 times as muck would be needed 

(,Re drawn from results of Bulbring and Wajda, 1945 ) 

Actirity of Antagonist Drugs 

The biological responses so far considend have all been positive m the sense 
that the compounds produce aa effect which can be measured, even if the 
effect itself is negative, such as a slowing in heart rate Many substances, 
however, arc of pharmacological interest not because they themselves produce 
effects but because they antagonize the effects of another drug, it is necessary 
to be able to express this antagomstic activity quantitatively Sometimes the 
antagomsm results in a biological response which is positive - for example, 
the action of atropine in antagonizing acetylcholine results in a dilatation of 
the pupil of the eye - but usually the only effect of the antagomst is to reduce 
the effect of the agomst so that more must be given m order to produce the 
same biological response The change in the size of the response to a standard 
dose of agonist could be used as the basis of a bioassay of standard and un- 
known solutions of an antagonist A development of this type of assay for 
comparing two different antagonists, however, is unsatisfactory as it would 
depend upon graphs of dose against antagonistic effects bemg parallel at all 
concentrations of the agonist 

If the antagomsm is competitive and obeys the Law of Mass Action it 
should be possible to express absolutely the antagonistic activity of a par- 
ticular drug in relation to a particular agonist The comparison of the activity 
of two antagonists could then be made by studying each of them separately 
as antagomsts of the same agonist 
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The measurement of absolute antagonistic activity depends greatly upon 
the accurate measurement of the antagonistic effect The change m the actual 
size of the response to the agonist is not a suitable measure of this because 
the dose-response curves for diflcrent preparations are not necessanly 
parallel A 50 per cent reduction in the response to the agonist will indicate 
a much smaller antagonistic effect when the preparation has a steep dose- 
response curve than when it has a flat one It is, therefore, more accurate to 
try to keep the biological response at a constant level (and on the steep part 
in the middle of the dose-response curve) The antagonistic effect is assessed 
by finding out by how much the concentration of agonist must be multiplied 
m order to do this This figure has been called the dose ratio (Gaddum, 
Hameed, Hathway, and Stephens, 1955), but it is only a measure of the 
antagonistic effect produced, not of the absolute antagonistic activity 
Higher concentrations of the antagonist will produce a higher dose ratio The 
theoretical background to this situation has already been discussed on page 
12 If the antagonism is competitive, the dose ratio Afa == 1 + BKq 
where A is the concentration of the agonist which, in the presence of a 
concentration B of antagonist, produces the same response as a concentration 
a of agonist alone When Afa is fixed, the value of B will depend only on its 
absolute antagonistic activity, Ks Clark and Raventos (1937) used the 
logantbm of the concentration of antagonist which produced a dose ratio of 
10 as a measure of antagonistic activity (a large negative value indicating high 
activity, see Table 1 1) 

Schild (1947) uses the loganthm of the reciprocal of the concentration (a 
positive quantity) as the index of activity and calls this pAx, where x is the 
dose ratio This value should be constant for a particular pair of agomsts and 
antagonists, at a particular value of x, at a particular temperature, and for a 
particular preparation 

This is, however, always assuming conditions of equilibrium, and it is 
therefore necessary to indicate how far this is likely to be true by specifying 
the time that the tissue and the antagonist have been left m contact 

For a dose ratio of 2, BKb = I or Kb=^ IfB and the value of pA 2 is 
log Kb (page 1 3) Other values of pA are related to this , for example, when 
4(a = IQ, SKb « 9, tuM/w bsj Kb = Q9S -V ^ Avb (SchM, 1947, 19S7> 

When antagonism is competitive, estimates of pA* m different laboratories 
have been found to agree remarkably well (Reuse, 1948, Gaddum, 1957, 
Arunlakshana and Schild, 1959) 

The equation Afa — 1 4- BKb can also be written —■ ‘Z-- = aKn, conse 

JS 

A ~ ' u 

quently, for a constant response, the ratio — — should be constant 

When a is much smaller than A, the ratio becomes A}B, and this is the 
‘drug ratio’ used to describe antagonistic activity by Gaddum, Hameed, 
Hathway, and Stephens (1955) A maximal response of the preparation is 
obtained with the agonist and then the antagonist is added in a concentration 
which produces a considerable effect (a dose ratio of more than 5) The 
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concentration of agonist which produces a 50 per cent response in the presence 
of this concentration of antagonist is then found The drug ratio is obtained 
by dividing this concentration of agonist by tlie concentration of antagonist 
Jt should remain constant over a fairly wide range of concentrations Al* 
though It does not have as much absolute significance as pA*, or Kb, it 
provides a convenient way of expressing roughly the number of molecules of 
antagonist which block the effect of one molecule of agonist (provided the 
concentrations arc expressed as xnolantics which is not always done) 

Both pAi and the drug ratio only have absolute significance when the 
antagonism is competitive One of the simplest methods of testing for com- 
petition IS to compare pAs and pAio If the antagonism is competitive, 
/f/a *= 1 + BKb, pAa = log Kb, pAw = log ATa — 0 95 , hence pAj — p Aw 
*= 0 95 (Schild, 1947, Marshall, 1955, Anens and Van Rossum, 1957, 
Schild, 1957, Arunlakshana and Schild, 1959) 

Another method is to plot the dose ratio minus one, A/a — I, against the 
concentration of antagonist If the antagonism is competitive, this should 
give a straight line (Fig II II) To cover a wider range of concentrations, 
Schild (I960) has plotted the logarithms of these values 



FID ii‘A Compernnearftagonism iimarre}atianfti)pbeifeen6ose-7ai)oiA'i^~'i 
and antagonist concentration The substance, 5 5 diphenyl 2 oxopentyltriethyl 
ammonium, PhsCHCHjCHiCOCHjNEtg, Mar antagonizing the effects of acetyl 
choline on the isolated guinea pig ileum (Scott, 1962) 

In certain circumstances pA® values may he obtained with antagonists 
which arc not competitive, and the dose-response curve for the agomst m the 
presence of the antagonist may not be parallel with the curve when no agonist 
IS present To overcome the cntiasm of the value of pA* on the grounds that 
the antagonist may alter the slope of the dose-response curve of the agonist 
(Guarino and Bovet, 1 949), Schild (1949) suggested that pA should always be 
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determined with concentrations of agonist which produce 50 per cent of the 
maximal response of the tissue It becomes necessary to see what the value of 
pAz — pAio is likely to be m these circumstances 

nie equation [r+Vm) 
can be written 


y + (4)AV 4- (B)KBy + (.A)KA(B)KBy = (.A)Ka 


(A)Ka = 


yji 

!-)<! + (B)Kb) 


^Vhen no antagonist is present. 


(a)KA -■ 


y 

i-y 


So n, the dose ratio = Ml/(o) = , 


a-y) 


n — ny — r(B)KBy = 1 + (B)Kb — y — (B)KBy 
/mi-„ n-l+y~~ny _ (\- y)(« — 1) 

{B}hB - l^y^„y - 1 + 


(1 -yXn-J) 


pAn = log A'n + log 


l+yCn-l) 

(l_p)(„_I) 


pAe - pAio = log (1^) - log (([4^) 

This value therefore vanes with y, for example, when y = 
pAz - 


0 5, 


but as y approaches xero, pAz — pAio approaches log 9, the value for com* 
petitive antagonism The value of using pAz — pAio as a test for competitive 
antagonism therefore depends very much on the circumstances, m particular 
on the confidence which can be placed in the experimental results 

Inhibition of Enzymes 

The pharmacological properties of some drugs depend, in part at least, on 
their ability to block certain enzymes, and it may be necessary to demonstrate 
this action on isolated enzyme systems This is purely a biochemical problem 
and the inhibitory activity can be expressed by the inhibitor constant (see 
page 22) In practice the pharmacologist often merely compares the rate of 
the reaction in the presence of a concentration of the drug with the rate in 
Its absence and expresses the effect as a percentage inhibition of the control 
rate The concentration of antagonist which reduces the rate to half that of 
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This IS usually followed by conjugation with glucuronic acid, an ammo- 
acid, or sulphate The conjugate is a highly polar compound with a low pKa 
which fails to penetrate membranes, and as such is filtered in the glomerulus 
of the kidney but not reabsorbed from the tubule, and so is likely to be 
excreted This picture is over simplified (for reviews sec Albert, 1960, Brodie, 
1956,Brodie and Hogben, 1957,Btodie,GiUetle,andLaDu, 1958, VVilliaras 
1959), but may be of some help is assessing the value of estimates of activity 
obtained from experiments in whole animals 
Even m experiments with isolated pieces of tissue mounted in a bath 
containing a suitable salt solution, factors such as diffusion and ability to 
penetrate membranes may greatly affect the results Ing and Wnght (1931), 
for instance, showed that estimates of the neuromuscular blocking activity 
of quaternary ammonium salts (p 97) on the isolated frog gastrocnemius 
muscle were valueless because they depended on the rates of diffusion of the 
drugs into the site of action, i e on the ionic weight, and not on the true 
biological activity of the compounds To obtain a proper estimate of the 
activity of the drugs, the preparation had to be perfused and the drugs added 
to the perfusion fluid so that they had rapid access to the site of action 

Conclusion 

The correct interpretation of quantitative results in pharmacology, without 
which It u impossible to discuss relationships between structure and activity, 
depends upon an appreciation of the assumptions involved in the calculation 
of the results and of the facton which may mask the fundamental activity of a 
drug 
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The Nervc*CcU and Nervous Conduction 

Like any other cell, the nerve-cell consists essentially of solid matter, partly 
tn suspension m water (e g proteins) and partly in solution (e g ions), 
enclosed by a membrane This membrane can be considered (review by 
Danielli, 1958) as being composed of a layer of lipoid 2 molecules thick, the 
molecules being arranged tail to tail with the hydrophilic groups outside, 
covered with a layer of protein (Fig IH 1) the membrane is approximately 



FIG III 1 Membrane of nerve cell (after Damelli, 1958) 

100 A thick, but m medullated nerves is covered, except at the nodes, by a 
very thick myelin sheath (a Schwann cell Fig Appendix II 8) 

The axon membrane, as distinct from the myelin sheath, cannot be regarded 
as a completely continuous lipoid-bamer Although certain substances can 
pass into the cell by a process apparently of diffusion, water and certain 
small molecules (e g methanol) and ions can penetrate the membrane 
extremely rapidly The membrane can therefore be desenbed as semipenneable 
in the sense that the word is used m chemistry m the discussion of osmosis, 
but it has additional properties which are difficult to explain m chemical 
terms In particular it is selectively permeable to potassium ions and 
49 
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apparently impermeable to sodium ions In a normal, resting, nerve-cell the 
concentration of potassium ions inside the cell is greater than that outside, 
'whereas the concentrations of sodium ions and chloride ions inside are less 
than those outside It is supposed (review by Hodgkin, 1958) that this 
Situation IS brought about by the extrusion of sodium ions from the inside 
of the cell by some mechanism called the ‘sodium pump’, which is capable 
of operating against a considerable chemical potential gradient In conditions 
where sodium ions are being extruded from the cell, the rate of extrusion is 
greatly reduced by 2 4-dinitrophenol, but returns to the original value when 
the 2 4 dmitrophenol is removed This substance is known to interfere with 
metabolic processes which yield energy and it is thought that the energy for 
driving the sodium pump is derived from adenosine-tnphospbate 
The cell membrane is polarized, the outside being positive with respect 
to the mside It is possible to insert an electrode inside some cells, such as 
the giant axon of the squid, and to measure the potential difference between 
the inside and the outside This potential can be considered to anse from the 
differences between the internal and external concentrations of K'^, and to a 
lesser extent Na*- and Cl- Considenog K+ alone, the resting potential will 
be given by 






where K-^-o is the concentration outside the cell and the concentration 
inside For the squid axon the ratio is ^ and, if J? is taken as 8 3 
Joules/degrce, Fas 96,500 coulombs, and Tas 290* absolute, 


' x{-13) 


= -75 mF 


This value is actually too high and allowance must be made for a contnbution 
from the differences between the internal and external concentrations of 
Na+ (inside outside = 50/440) which iviU set up a potential difference of 
the opposite sign The equation for the resting potential can be written 


V = 


(K+o) + i(Na+o) 
(K+O + i<Na^,) 


and for the squid axon the value of b, the ability of to penetrate the 
membrane compared with that of K+, is roughly 0 01 
If an electric potential is applied lo opposition to the resting potential, 
thus depolarizing the membrane, the penneability is completely altered 
Sodium ions, instead of being preferentially excluded from the cell, now pass 
into it The concentration of Na+ mside the cell increases and the membrane 
adjacent to the point of application of the potential becomes positively 
polarized on the inside This polarization, m its turn, alters the permcabihty 
of the membrane, and so on The process, once started, is scIf-perpetuating 
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and spreads along the axon in both directions away from the point of applica- 
tion of the stimulus The rate at which it spreads depends on the properties 
of the membrane The increased permeability to Na+, however, is only transi- 
tory and the original ionic status quo is quickly restored 

During stimulation of an axon, electrodes placed outside and inside it 
record a negative potential difference between the surface and the inside, 
followed by an ultimate return to the positive resting potential (see Fig 
Appendix II IS) Although the movements of Na+ ions contribute most to the 
electneal changes observed, they do not account completely for the size and 
shape of this action potential If, however, the movements of other ions are 
studied, K+, Cl" and, in some types of axon, organic amons such as isethio- 
nate (HOCHeCHaSOa"), it is possible to account virtually completely for 
the electrical changes which occur during nerve stimulation Hodgkin (1958) 
has calculated that during stimulation of squid nerve, approximately 20,000 
ions are m movement per square micron of membrane 

The movements of ions through the membrane, both in the resting condi- 
tion and during the various stages of the passage of an action potential, may 
be brought about by either or both of tivo mechanisms, by the opening of 
pores or by the action of enzymes It may even be that in some conditions the 
pore and the enzyme are one and the same thing It must not be supposed, 
however, that the membrane becomes extensively porous when it is depo- 
larized Calculations based on the heat associated with the passage of an 
impulse indicate that this would be produced by as little as 1 per cent change 
in the surface area of the membrane The movements of ions during the 
passage of an impulse (e g the entry of sodium ions), moreover, cannot be 
adequately accounted for by simple diffusion, but must be regarded as a 
‘faciLtated diffusion’ (Damelli, 1958) 

The membrane appears to contain, therefore, mechanisms for the active 
transport of particular ions, and one of the great puzzles is to understand how 
It distinguishes between sodium tons and potassium ions It has been suggested 
that It contains pores of such size that the potassium ions can pass through, 
whereas the more hydrated, and therefore larger, sodium ions cannot Values 
of the degree of hydration of vanous ions obtained by a number of methods 
(Table III 1, Bell, 1958) do not support this idea, but there are definite 
physical differences between Na+ ions and K+ ions The K+ ion has a much 
higher conductance in water than the Na* ion (64 reciprocal ohms at 18° C 
as against 43 reciprocal ohms), and whether or not this indicates that it is 
less hydrated, a difference of this order of magnitude might well account for 
the differences m ability to penetrate membranes Glasses have been dis 
covered which can distinguish between sodium ions and potassium ions 
(Eisenman, Rudin, and Casby, 1957, Hinke, 1959, 1961) and can be used as 
electrodes for estimatmg the activities of sodium ions or potassium ions in 
solution It is, therefore, possible to suppose that the differential transport of 
sodium ions and potassium ions has a physical basis, but the possibility that 
the mechanism is entirely enzymic cannot be dismissed, although there is 
no indication what enzymes rmght be involved 
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TABLE ml 
HydratuM of Jons 



mined from 

(D lomc mobilnio 

(\i) Didusion experiments 

(ill) Activity coctficienta 

(iv) Compressibility experiments 

— ladicates not known 
MH1958) 

Possible ElTects of Drugs oa Nervous Conduction 

There are only a limited number of effects which a drug can produce on a 
nerve impulse II may lower the thieshold at which the nerve responds to 
stimulation, it may even, itself, disturb the nerve sufTiaently h give nse to 
an impulse and it may block the transmission of an impulse It does not 
appear that a drug can alter the rate of conduction of a nerve impulse along 
a nerve fibre, but some compounds, such as the Veratnne alkaloids, can 
cause repetitive firing, i e when one stimulus is applied the response consists 
of a volley of impulses instead of a single one Stimulation of nervous tissue 
m any of these ways, how ever, is not common The majonty of substances 
which are of interest because of their effects on nerve-fibres, block the 
conduction of impulses and can be called peripheral nervous depressant 
drugs 

Uses of Peripheral Nenous Depressant Drugs 

The most obvious use of drugs which block conduction m nerve fibres is to 
abolish sensation to enable operations to be performed These may be quite 
Simple, such as the sewing up of a wound or the lancing of an abscess, or 
more complex, such as the anaesthesia of nerves of the jaw in dentistry, of 
the throat, of the eye, or even of the spinal cord itself Penphcral nervous 
depressant drugs are also used quite widely in the alleviation of pain, such 
as that ansmg from an exposed wound, or, together with antihistamine 
drugs (page 355), they may be used for treating imtatmg conditions of the 
skin 

loformataott Sought m Local Anaesthetic Tests 

The effectiveness of a drug depends voy greatly on the conditions m which 
It is used To he any help, therefore, in assessing the possible therapeutic 
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value of a drug, tests must be made in conditions resembling the clinical 
situation, even though these may not reveal fundamental information about 
the properties of the drug This is true even of the testing of peripheral nervous 
depressant drugs In theory it should be perfectly simple to test all such drugs 
at the most fundamental level, i e for their ability to block the passage of an 
action potential along single nerve fibres In practice this is not often done 
(see below) and might not even be particularly helpful from a practical point 
of view For instance, this test would not distinguish between substances 
which can penetrate mucous surfaces and those which cannot, and the latter 
would be useless for operations on the throat The testing of peripheral ner- 
vous depressant drugs (and of all other drugs) has therefore usually been 
made m circumstances which reveal, as much as possible, the potential 
usefulness of the drug in man and it is important to examine how far this 
reveals (or does not reveal) the fundamental activity of the compound 
So far it has always been found that sensory fibres are more sensitive to the 
action of drugs which block conduction than are motor fibres Peripheral 
nervous depressant drugs, therefore, produce loss of sensation m lower 
concentrabons than those causing paralysis and so are called local anaesthetics 
It is not clear whether it is justifiable to assume that all drugs block sensory 
fibres before motor fibres, and many pharmacological tests of local anaes 
thetics involve reflex arcs, i e both sensory and motor fibres, and could not 
distinguish between a block of either component It is also important to 
recognize that drugs acting at the ^apse, the junction of sensory and motor 
fibres m the spinal cord, may appear to be active m such tests 

Preparations Used 
Single Fibres 

The most fundamental information is likely to be obtained by tests on single 
nerve fibres from which the myelin sheath has been removed The fibre is 
stimulated electncally and the drug is tested for its ability to suppress the 
action potential The particular type of nerve chosen depends largely on the 
ease with which it can be dissected out and kept alive Skou (1954), for 
instance, used single de-sheatbed fibres from the sciatic nerve of the frog 

Nerye Trunks 

Bennet, Wagner, and McIntyre (1942) tested local anaesthetics for their 
abihty to reduce the spike of the action potential of the isolated frog s sciatic 
nerve, and Truant (1958) and Astrom and Persson (196!) have used a similar 
preparation The disadvantage of using nerve trunks of this type, however, 
is that they contain mixed types of fibre, sensory and motor, medullated and 
non medullated Douglas and Ritchie (1960) have described a preparation of 
the saphenous nerve of the cat in which the non medullated sensory fibres 
(Type ‘C on page 443) can be followed for some distance from their ongin 
in the skin Drugs can be injected into the saphenous artery so that they reach 
the area served by the nerve The method was designed to test the effects of 
acetylchoUne on sensory endings, but has been adapted by Zaimis (1961) 
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for the testing of local anaesthetics Action potentials are recorded from the 

saphenous nerve in response to mechanical tapping of an appropriate area 

of skin and drugs can be tested for their ability to suppress the action- 

potential 

Reflex Arcs 

In the frog’s sciaticplerus preparation (Sollmann, 19J8, BUlbnngand Wajda, 
1945) the frog is decapitated and eviscerated It is then suspended by the 
front legs so that the hind legs hang free If one of these is immersed m a 
solution of hydrochloric acid, impulses tmvelling along a spinal reSex arc 
result m the contraction of the limb away from the acid The drug solution is 
placed in the abdominal cavi^ and tested for its ability to block the refiex 

In the rabbit’s or guinea-pig’s cornea test (Sollmann, 1918) the animal is 
made to blink by touching the cornea with a fine bnstJe or wisp of cotton- 
wool The drug solution is applied to the cornea and tested for its ability to 
block the blink refiex 

In the goldfish or tadpole test (Baum. 1899, Adams et al , 1926, Meyer, 
1937) the fish are placed in a solution of the drug in a thermostat and tested 
for the disappearance either of spontaneous activity or of the refiex response 
to a stimulus, such as the disturbance of the bath by a glass rod 

In the guinea pigorbuman weal test (Chance and Lohstem, 1944,Bi]lbnng 
and Wajda, 1945, Mongar, 195^ the twitch response of the skin to a pm- 
pnek 1 $ used A small amount of the drug is injected lotradermalJy (between 
the dermis and the epidermis, i e just under the outer layer of the sbn) 
raismg a weal The drug is tested for its ability to abolish the twitch response 
when the weal is pneked hgbtly 

In Mongar’s modification of the method, the drug is tested on an open 
blister, produced by the application of cantbandin to the skm Results 
obtained with this method are much more consistent than with the mtra- 
dermal weal and fewer estimations are needed to obtain results with com- 
parable fiducial limits 

Other preparations which have been used mclude the reaction to the 
placing of a clip on a mouse’s tail (Bianchi, 1956) 

Assessment of Activity 

To compare the activity of different drugs it should only be necessary to 
determine the concentrations which produce identical elfects Difficulties 
arise, however, in measuring the effect Blockage of conduction is an all or- 
none response so it is impossible to assess quantitatively the intensity of the 
block. Skou (1954), for example, found the concentration of drug which, in 
conditions of equilibrium, just blocked conduction (he checked that with 
slightly lower concentrations cmidaction was not blocked) The attainment 
of equilibrium, hos\ever, requires a long tune, and m other tests equilibrium 
conditions arc not achieved In these the effect noted may be the rate of onset 
of block or the duration of block, but not usually both If the drugs being 
tested can, m suitable concentrations, produce identical effects (i c which 
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have the same time course) their acbvibes can be assessed by companng these 
concentrations It does not follow, however, that the drugs may be able to do 
this, m which case a true comparison is impossible (page 41), it will not be 
apparent in most tests whether th^r do or not 
In the frog’s sciatic plexus, rabbit cornea, and goldfish tests the time when 
the reflex disappears is taken as the index of activity and concentrations of 
drugs producing block in the same time are compared The graph of the 
time of onset of block against the logarithm of the concentration of drug is 
approximately a straight line If the slope of this line for the test drug is the 
same as that for a standard drug, it is possible to express the activity of the 
test m terms of the standard by a simple assay procedure (page 34) 

In the mtradermal weal test an attempt is made to combine measurement 
of the duration of the effect with an assessment of the intensity of the effect 
during the recovery stage Five minutes after the injection the weal (usually 
outlined in ink, as it may subside during the period of the experiment) is 
pneked lightly six times As a control, the sbn well away from the weal is 
also tested Unanaesthetized skin will twitch each time it is pneked, fully 
anaesthetized skin wU fail to do so When anaesthesia begins to wear off 
some of the population of sensory endings in the weal may have recovered 
while others are still blocked, consequently a number of twitches intermediate 
between 0 and 6 may be obtained The weal is tested every 5 minutes until 
30 minutes have elapsed since the injection The total number of negative 
responses (i c times when there was no twitch) is calculated Within limits 
the graph of the logarithm of the concentration of drug against the effect is a 
straight hne, and if the lines for two drugs are parallel, an assay can be 
performed to determine relative potency Lands and Hoppe (1956) estimated 
the concentration of a drug producing a score of 5, i e threshold effects, 
and compared these values (which they called TAG 5) 

In all tests involving reflex arcs, substances which block motor nerve- 
endmgs or the neuromuscular junction (page 90) may appear active In the 
frog’s sciatic plexus and goldfish tests, substances which block conduction 
at synapses in the spinal cord may appear active The goldfish test is, m fact, 
used for general central depressant drugs (psge 380) Furthermore, because 
the tests measure either the rate of onset of the effect or its duration, potency 
figures determined by one melhod alone may give misleading information 
about substances which act slowly for a long time or rapidly for a short time 
Another point to be noted is that the cornea is a mucous surface, and results 
obtained m this test depend upon ability to penetrate such surfaces so may 
bear no relation to results m other tests, such as the mtradermal weal 
The usual pharmacological scrccmng tests for local anaesthetic activity 
(the cornea and mtradermal weal test) indicate the concentration of drug 
which would be effective in conditions which resemble, as nearly as possible, 
those m which it might be used This effectiveness depends on other factors 
besides the abihty to block conduction One factor, already mentioned, is 
the abihty to penetrate mucous (or other) surfaces Another important 
factor IS the ease with which the drug may be ehminated from the site where 
c 
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It has been applied It may be possible to increase the effectiveness of a drug 
fay increasing its ability to penetrate surfaces (e g by adding hyaluronidase, 
an enzyme which hydrolyses hyaluronic acid, a polysacchande constituent of 
connective tissue) It may also be possible to increase effectiveness by pre- 
venting the elimination of the drug from the site of action by adding a 
vasoconstrictor substance, usually adrenaline (page 294), to reduce the blood- 
flow in this area Some local anaesthetics are themselves vasoconstrictor, but 
the effectiveness of many others is markedly potentiated by the addition of 
adrenahne Effectiveness may even be increased further by a combination of 
both these procedures 

Most of the estimates of local anaesthetic activity quoted below have been 
determined by tests which assess effectiveness, and it must be borne in mind 
that this IS not the same thing as fundamental activity The relative activities 
of a number of the more widely used local anaesthetics are shown m Table 
II 2 

Cocaine and Related Compounds 

Wohler, in 1860, observed that cocaine produced numbness when placed on 
the tongue, and Anrep (1879) showed that it abolished sensation when 
injected intradermally It was Roller, however, wlio, in 1884 at Freud’s 
suggestion, showed its effectiveness on the eye and its usefulness m operations 
on the eye Within a year it was used in surgery of the throat and m dental 
practice It is active on mucous surfaces (hence its effects on the tongue and 
the eye), but is not now used because less toxic substances are available 

The general structure of cocaine was worked out by WiUstalter (189Q, 
who showed it to be benzoylmethyl ecgonme, but the absolute configuration 
has recently been determined (Findlay, 1954, Kovacs, Fodor, and Weisz, 
1954, Hardcggerand Ott, 1955, review by Fodor, 
I960) (— ) Cocaine (III l)ts2R methoxycarbonyl 
3S bcnzoyltropine 

Ithas4 asymmetric centres, but those numbered 
1 and 5 can be disregarded because the pyrrohdine 
ring locks them cis Ecgonme is a 2 carboxylic 
acid denved from yi tropine, in which the 
hydroxyl group is equatorial Ecgonme and 
tjf ecgonme differ in the conformation of this carboxyl group, in eegomne 
It is axiaf and m yJ ccgortme rf is cqualonal (-hhf' Cacaina is dem'cd from 
ip ecgonme and is 2S methoxycarbonyl 3S benzoyltropmc The absolute 
configuration of (— ) cocaine (showing that it is as written above and not the 
mirror image) was established by showing that the ecgonmic acid to which 
It was oxidized was identical wlh the ccgomnic acid synthesized from 
(+)-S glutamic acid (Fig III 2) 

Findlay (1956) has reported the preparation of the two other pairs of 
isomers of cocame These must have the tropine configuration (a 3 axial 
hydroxyl group), and Findlay has suggested that in o/Zococame the 2 carboxyl 
group IS equatoml and in fl//o/»«afococaine it is axial Alhcocsint has also 



(— )>Cocainc, III ! 
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been prepared by Zeile and Schulz (1956) but the material they obtained 
apparently contains half a molecule of water of crystallization and has a 
much higher melting point (156-8® as against 82-4®) 


“ CHi— ah 


HOOC^ "SjHi 

S- glutamic acid 


HjC 

HOOC ''Vw 


H 

I .CH,— CH, 

I 

HOOC 





(-). cocaine 

Fio 111 2 Establishment of the absolute configuration of (,—) cocaine 


(— ) Cocaine, (±)-cocaine, (4-) ^ cocaine, (±)-^ cocaine, benzoyltropine, 
and benzoyl-^ tropine (Tropacocatne) have been studied by Gottlieb (1923) 
His results, obtained with the frog s sciatic plexus and dog’s cornea prepara- 
tions, do not permit a quantitative comparison, but they indicate that all the 
compounds have about the same order of activity, the relative potency being 
(+)*0<ocame > (±)-^ cocaine > (— ) cocaine > (±) cocaine on the sciatic 
plexus and (— )-cocaine > (+) ^ cocaine (±) cocaine > (±) cocaine on 
the eye Benzoyl ^ tropine appeared to be slightly more active than benzoyl 
tropine, but these substances were compared separately from the others 
Whatever the exact potency of the isomers may be, it seems clear that the 
arrangement of the groups in the cocaine molecule is not critical 
Zede and Schulz (1956) reported that their isomer of cocaine was ineffective 
when tested on the guinea pig’s cornea m a concentration as high as 5 per 
cent (w/v), although cocaine produced anaesthesia m a concentration of 
1 per cent This result is puzzling This isomer, unlike the isomers studied by 
Gottlieb, should have an axial 3 benzoyl group, 
as it IS related to tropine instead of ^ tropine 
This difference m structure, however, would not 
be expected to depnve the compound entirely of 
activity because benzoyltropine is not greatly PhCO— O 
different m activity from benzoyl tropine There CO— OMe 

IS the possibibty that the compound cannot «-cocame III2 

penetrate mucous surfaces This is known to be 

true of another isomer of cocaine, ‘a* cocaine (III 2), m which the 
methoxycarbonyl and benzoyl groups are attached to the same atom In 
theory there should be two isomers, corresponding to the tropine and the 
•p tropine structures but m practice the synthesis from tropmone cyanhydnn 
leads only to one isomer, m which the methoxycarbonyl group is axial 
(Heusner, 1957) This substance was reported by Willstatter (1896) not to 
be a local anaesthetic because it did not produce numbness when placed on 
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the tongue Foster, log, and Varagic (1955), however, found that, though jt 
was inactive on the rabbit s cornea, it was quite potent when tested on the 
frog’s sciatic plexus or in the guinea pig weal, the cquipoteot molar ratios 
relative to cocaine were 1 7 and 5 respectively 
Among compounds closely related to oicaine, activity is shown by aliphatic 
esters of benzoylccgonme other than methyl (UI 3) and, to some extent, by 
aromatic esters of methylecgomne (see, for example, Poulssen, 1890, Gray, 


R' 

R' 

R- 



Me R 
Me R' 
H R 


-O-CO R’-Ei Pr Bu all>l 

- lljJ'-CX) R'- Me nr 4 

- ^^-CO R'- Me III 5 


lit 3 


1925) The a thienylcstcr (III 4) is as active as cocaine (Steinkopf and Ohse, 
1924) iVorcocaine (III 5) is at least as active as cocaine, but cocaine metho- 
salts ecgonme, metbylecgonme, and beozoylecgooioe are inactive 
VoQ Braun ct al (1918, 1920, 1922) studied the effect of moving the 
benzoyl ester group to the end of a polymethyleoe chain attached to the 
nitrogen atom (m place of the methyl group) The most active of these 
dihydfoecgonidines was the compound with three methylene groups, but the 
corresponding ecgomdme (UI 6 Ekkaine) was more active, being comparable 
with cocaine (test method not specified) 


-N-(CH,),-0-OCPh 


The First Synthetic Compounds 

The elucidation of the structure of cocaine was rapidly followed by the 
discovery of local anaesthetic activity in simpler molecules The first synthetic 
compounds, a Eucame (III 7, Yinci, 189Q and ^Eucaine {Benzamme, Beta- 



a Eucaine III 7 ^Eucmne, III 8 

came, 1118, Vinci, 1897), contain the pipendinc nng of cocaine but lack the 
pyrrolidine nng Both substances produced effects on the guinea pig s cornea, 
but p Eucame was more active, though not as active as cocaine a Eucaine 
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possesses a plane of symmetry, but ^Eueaine contains two asymmetnc carbon 
atoms King (1924) succeeded m obtaining both p-Eucame and iso-?-£ucame 
and m resolving each of these The compounds were all approximately equi- 
active on the rabbit’s cornea, but m the frog’s sciatic test, the (-f )- and (— )- 
forms of p-Eucame were found to be eqmactive and stronger than the (+)- 
and (— )♦ forms of «o-p*Eucaine The absolute configuration of these com- 
pounds IS not known 


Esters of Benzoic Acid 

Ehrhch (1890, Ehrhch and Einhom, 1894) had expressed the view that the 
benzoic ester group in cocaine was the ‘anacsthesiophonc’ group, endowing 
the molecule wth activity, and, after Vina’s introduction of the Eucames, 
many benzoic esters of simple ammoalcohols were found to be local anaes- 
thetics Among the first compounds of this type were Amyhcaine (Slo\aine, 
ni9, Foumeau, 1904) and Alypin {Amydriacame, III 10, Impens and 


Me 

PhCO-oi-CHiNMc, 


Amyloeaine, III5 


CHjNMCj 

PhCO-O-i-Et 

iniNMe, 

Ahpi”, lU 10 


Hofmann, 1905) Other examples ate Piperocaine (Melyeaine, Neothesme, 
in 11, McElvam, 1927), the cinnaouc ester Apothesme (III 12, Sollmann, 
1918), and Hexykaine 13, Beyer et al , 1948) These compounds are not 

PhCO-O— CHiCHiCHjN > Ph-CHCH-CO-O-CHiCHjNEti 
Plptroeaine, III 11 Apothesine, III 12 


stnkingly active (see Tables III 2 and HI 3) although they are sufficiently 
effective to have been used clinically Hexylcaine, its cyc/o-pentyl analogue 
and the benzoic ester of 2-«opropylanuno-n butan-l-ol (III 14) were among 
the most active of a large group of compounds studied by Kuna and Seeler 

Me H Et 

PhCO-o-CH-CH,-A-(^ PhC0-O-CH.-<!H-NH«0Pr 
Hexylcaine, mu HI 14 

(1947) On the rabbit’s eye these were almost as active as cocaine (equipotent 
molar ratio, 1 3) and in a test similar to the guinea pig weal they were more 
active than Procaine (see below), the equipotent molar ratio relative to 
Procaine being 0 2 to 0 5 and indicatmg a ratio relative to cocame of 1 3 
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TABLE III 2 

Local Anaesthetic Effects Eqmpotent Molar Ratios Relative to (-) Cocaine 


Test 



Single 

fibres 

Weal 

Cornea 

Human 

Guinea pig 

Rabbit 


Mouse 

Cinchocame 

0 0019 

on 

0068 

033 

038 



0 0034 

0 01 

__ 

0 078 

Amethocame 

0 0039 

— 

0083 



059 







_ 

020 

Ditocalne 

— 

018 

— 

— 

— 



14 





_ 

Panlheslne 

— 

0 21 

— 

— 

— 

_ 

0 10 

_ 

_ 

_ 

Phenacatne 

— 

029 

— 

— 

— 

— 

0 91 



_ 

_ 

RaroeaJne i 

— 

— 

W3 

— 

071 


_ 

_ 



_ 

Butacaine 

— 

0 45 

0 31 







0 48 







(+) s5-Cocaine 

— 

0 77 

— 

— 

_ 

— 

0 77 

_ 

— 

_ 

Am}toealne 

— 

to 

— 

— : 

— 

— 

10 

— 

— 



(-)-CocaiQe 

1 0 

t 0 

10 

10 ; 

10 

1 0 

10 

10 

10 

10 

lyepacoealne 


In 

a 

_ 

_ 

_ 

56 

— i 



Intraeolne 




— 

— • 


— 

21 



Lignocaine 


1^9 

D9 

— 

23 

26 

— 

21 



^Euee/ne 




23 

— • 


37 




Frocam« 


R9 


10 

77 

36 

17 

14 



Alipln 



■9 


— 

— 

50 

— 



Apothesine 


Q 

a 

- 


— 

71 

- 



Reference 

S 1 

D 

m 

D 

D 

Ill 

Dl 

m 

n 

m 


S ■» Shou 11954) H “ Ktrschfelder and Dieter {1932) M “ Mongar {I95S) B ■ 
Dulbnng and Wajda (1945) L •• Ixinds and Uoppe (1956) D Dofek and Vrba (1959) 
Bii *» BueA/, Lauener, Raga Boalger and Uebedterr (1951) \V = Weldmann and Retersen 
(1955) 


TABLE III 3 


Local Anaesthetic Effects 



Equipolent molar ratios relative 
to (— )-cocaine on 

Gumea pig 
sciatic nerve 

Guinea pig 
cornea 

Amethocaine 

on 

0 071 

Butacaine 

0 50 

0 25 

Hexylcaine 

0 83-1 7 

1 1 

(— yCocame 



Piperoealne 



Procaine 




BoertlaA (194S) 









Actions on Peripheral Nerve-fibres 61 


to 4 0 Meprykaine (Oracame, III 15, Truant, 1958) is a closely related com- 
pound which appears to have the same order of activity, when it was tested 
for its ability to reduce the size of the action potential in the frog’s sciatic nerve- 
trunk, the equipotent molar ratio of the com- 
pound relative to Procaine was found to be 0 037 


Esters ot p-ammobcnzoic and PhCO-0-CH,-<j:-NHnPr 

Einhom (1905) found local anaesthetic activity Me 

among alkyl esters of/?-aminobeo 2 oicacid These Meprykame, Iff 15 
are inevitably \\ eak bases , ethyl p aminobcnzoatc 

(Benzocame, Anaesthesin), for example, is virtually insoluble in water and too 
weak a base to form stable salts Such substances could only be used m 
soothing dusting powders and ointments Alkamine esters of p-aminobenzoic 
acid, on the other hand, like alkamine esters of benzoic acid, arc strong bases 
which form stable salts and consequently can conveniently be injected in 
solution into the areas where they are wanted The first successful compound 
of this type, Procaine iNo\ocaine, HI 16, Einhorn and Uhlfelder, 1909) is still 


h.n^Q- 


CO— O— CHjCHjNEti 


Procame, III 16 

m use, especially as a standard for the comparison of activity m pharma- 
cological tests, although it is not active on mucous surfaces, a disadvantage 
both chmcally and pharmacologically Compounds of this type which have 
been used clinically include Butacaine 011 17, Volwiler, 1920), Panthesine 


CO— O— CHiCHiCHjN-iBg, 

Butacaine III 17 

(III 18, Winterstein, 1927, Rothlin, 1929) and Ttilocaine (Butamm, III 19, 
Schulemann, 1924) 

V 

CH,— C— Me 
CO— O— CHiCH 
NEt: 

Panthesine, III 18 

Me Me 

HjN— CO— O— CH— CHi^HNMci 
Tutoemne III 19 


Local anaesthetic activity m a homologous senes usually increases with 
cham length up to a maximum, beyond which it declines (cf the general 
depressant activity of n aliphatic alcohols, page 380) This type of variation 
IS found, for instance, among alkyl esters of p ammobenzoic acid (Adams 
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effl/,1926 Table III 4) Inalkamineestersof;) aminobenzoicacidanincreasc 
in the length of the chain Unking the ester group and the basic nitrogen 
increased the basicity but branching of this chain decreased basicity and 
increased local anaesthetic activity (Vhet and Adams 1926) 


TABLE HI 4 


Exters of p-AmuuAematc Actd Tested on Goldfish 
H,N-^^^COOR 

Kimuna] elTcct ve con 
R = centratjon mMoL/l 


Me 0 4'» 

Et 013 

nPr O-Ot 

n'Bu (Dutyhminobenzoale) 0 02 

A Am 0 022 


Adams et al {I92S) 


The ejects of substitution m the side chain ammo group are illustrated m 
the series of secondary bases studied by Ringk and Epstein (1943) Activity 
was maximal when the alkyl group contained between seven and ten carbon 
atoms Octacaine (III 20) ^as comparable with Procaine but acted on 


Me Me 

HjN— CO— O— CHj— i— NB— CH 
Me nH x 

OetaeaUu III^ 

mucous surfaces These compounds appear to have th* same order of 
activity as the analogous benzoic esters (c g Meprykatne) already discussed 
Kuna and Seeler (1947) have tested many alkalmine esters of both benzoic 
and p ammobenzoic acids and their results do not show much difference 
between the members of the two senes The activity of the p ammobenzoic 


CO— O— CHjCH — NH 


i IIUI 


6 


esteroSl e^^elopTopylaminoj ^opaa } oJ(IJJ 2J) forjnslance 
with that of Hexylcame ani^s analogues (sec above) 
Activity can be increased nowever by alkylation of th“/» 


wascojDparabJe 
ammo group as 


»BuN— CO— o— CHiCHiNMci 
Aiselhocame III^ 


m Amethocaine (Butethano! Pantocaine Tetracaine III 22 Fussgancer and 
Schaumann 1931) and m either senes by substitution of alkoxy groups in 
the benzene nng A n propyl ether group pheed ortho to the side chain of 
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Procaine gives the more active compound Ra\ocame {Propoxycaine, III 23, 
Luduena and Hoppe, 1952) The position of the ether group does not appear 
to be cntical (Buchi et aJ , 1951) The effects of alkoxy substitution, and also 


HiK— ^^-CO-O— c 


Ravocabu, 


of replacing the ester group by amide (see below), are illustrated m Table III 5 
The activity of Procaine is also increased by the replacement of the p amino 
group with an ethyl ether group {Intracame, HI 24, Rohmann and Scheurle, 




CO— O—CHjCHjNEtj 


Intracame, III 24 


1936), or by replacing the ester group by thiolester The thiol analogue of 
Procaine, for example, is more active than Procaine itself (Hansen and 
Fosdick, 1933) The activity of some alkoxy substituted thiolbenzoates has 
been studied m detail (Luduena et al , 1955, Luduena, 1957, Lands and 
Hoppe, 1956, Luduena et al, !95S) and some of the results are shown m 
Table HI 6 Some of these compounds, e g Wm 4510 (HI 25), appear to be 
more active than any local anaesthetics so far known 


Amides 


0«Hex 


•CH2CH:NEt, 


Wm 4510.1X125 


The highly active compound Cinchocainc {Dibucaine, Nupercame, III 26, 
Lipschitz and Laubendcr, 1929) contains both an alkoxy group and an amide 
group The alkoxy group is extremely important for activity and the com- 
pound without it is only feebly active The amide group is not so critical, 
although the p diethylaminopropiomc amide of 2 n butyIoxy-4 ammo- 



Cinchocame 111^6 Quolane 111^7 


quinoline is less active, especially m the cornea test (Table III 5 , Buchi et al , 
1951) Fellows and Macko (1951) have reported high activity in an analogue 
(Quotane, III 27) which lacks the amide group This substance was a little 
more active than Cmchocaine in the guinea pig weal test and much more 
active m the rabbit cornea test (the equipotent molar ratio relative to Cincho- 
came was about 0 1) 



TABLE III 5 


EJJeds on local Anaesthetic Properties of Alkoxy Siibstiti/enls and o/Replacms 
Ester Groups by Amide 



Hquipotent molar ratios relative to 
{— )<ocaine on 

Guinea pigweal* 

Rabbit cornea 

Cinchocamc 

0 21 

0-010 

HNCOatjCHjNEl 



exX- 

0 45 : 

0 089 

H^CHiClIjNEt, 




25 

024 


BMil, Itagas, and Ueberherr {1949} Buchl Ueberherr, and Jiagas {1951) 

:OOCIljC>liN£lj 



34 67 

083 12 

12 40 


023 


017 



BScM, Labhart, and Ragaz {1947) 
0 31 

031 

031 

031 


0-050 

0 087 


0 091 


0050 


Bueht, Stunzl, Ftury, Hut, LatAart, and Ragaz {1951) 


• In the experiments wlh the guinea pig weal Procaine was used as standard and cocaine 
was not tested at all. the figures shown hoe have been calculated assuming that the e^ui 
potent molar ratio for Procaine relative to (— >cocaine in this test u 10, this agrees fairly 
well with the figures shown in Table ITI 2 and the result for Cincbocame calculated on this 
assumption also agrees c^uite well with the results m Table III 2, the results lot Sympeeame 
agree with those shown m Table III 6 
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Phcnylurcthancs 

Some alkamine esters of phenylurethaoe (e g Diperodon, Dtothane, III 29, 
Rider, 1930) have beea found to be local anaesthetics The equipotcnt molar 

PhNH— CO— O— CH, 

PhNH— CO— O— CH 

“'-O 

DhthawAMT.^ 

ratio for themost active compoundsof this type, y-dilfobutylamino*p-hydroxy» 
propyl phenylurcthane (III 30), relative to cocaine, was about 0 17 m the 

OH 

PhNH-CO-0-CH,-<!:H-CH.-N/jDBuj 

IIIJO 

gumea-pig s cornea lest and 0 33 ut the weal lest The a naphthylurethane 
(in 31, Ramsey and Haag, 1947) had about the same activity 

M« H 

NH— CO— O— CH,C— N— "Kept 

o6 " 

11131 


MisceUaneous 

It IS clear that local anaesthetic activity is not restneted to any particular 
chemical class of compound Phenacame {Holocalne, III 32), for instance, 
IS a completely different type of structure from any so far discussed The 
equipotent molar ratio for this compound relative to cocaine in the rabbit’s 
cornea test was about 0 5 (Gonar and Sollmann, 1921) 



R— CH— CH— CH,— N 




CH,— CH— CH— R 


Phenaeauie, III 32 


R — n-Hex, 11133 


Some piperazine dcnvatives studied by Foumeau and Samdahl (1930) 
are particularly active Two senes of compounds were studied, m both the 
activity increased wth chain length up to a maximum In the first senes the 
maximum was at the n hexyl compound (HI 33), for which the equipotent 
molar ratio relative to cocame in the rabbit’s cornea test was 0 10, m the 
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second senes the n heptyl compound (HI 34) was more active than the n hexyl 
compound and the equipotent molar ratios relative to cocaine were 0 044 
and 0 12 respectively 

OH ^ OH 

I / \ I 

R— O-CHi— CH-CHt~N^ N— CHi-CH-CHf-O— R 

R = B Hepl, nr 34 

In the even simpler senes studied by Macintosh and Work (1941), activity 
was maximal m the compound l-pipendino-2 hydroxytridecane (III 35), 
for which the equipotent molar ratio relative to cocaine in the guinea pig’s 
cornea test was 0 091 The compound was only about as active as Procaine, 
however, in the mtradermal weal test 



III 35 11136 

Some degree of local anaesthetic activity may even be found m compounds 
which have no baste nitrogen atom Benzyl alcohol produces detectable 
effects and for saligenin GH 36), the most active of a group of related com- 
pounds studied by Macht (1918), the equipotent molar ratio relative to 
Procaine was about 5 

Because of the finding of local anaesthetic activity m such a vanety of 
molecules it is not surprising that many synthetic compounds, designed for 
other purposes, have been found also to have local anaesthetic properties 
Examples are to be found among antimalanal drugs, morphine*like analgesics 
spasmolytics, antihistamine drugs, qumidine like drugs, and so on In certain 
circumstances, e g in the testing of drugs using the Trendelenburg prepara- 
tion (page 144), this possibility should be remembered as it may contribute 
to the apparent activity of the compound 

Quaternary Salts 

In spite of the variety of chemical structures which have been found to 
produce local anaesthesia, one class, quaternary salts, has been regarded as 
inactive This may partly be because results, discussed below, suggest that 
quaternary salts ought to be inactive and may also be partly because early 
work (with cocaine raetho-salts, for example, Ehrlich and Einhom, 1894) 
indicated that they were inactive 

Nador, Herr, Pataky, and Borsy (1953) and Gyermek (1953), however, 
reported that some quaternary dcnvatives did have local anaesthetic pro- 
perties, the activity being greatest in benzylated compounds They used a 
method described by Herr, Nyin, and Pataky (1953) m which drugs are 
tested in rats for their ability to block the response to heat applied to the 
tail The drug was either injected mto the muscles of the tail (theoretically 
for ‘conduction anaesthesia’ of the nerve trunks) or mto the sbn of the tail 
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(for ‘infiltration anaesthesia’) Some of the results are shown in Table III 7 
The compounds produced cfTccls which lasted for a very long time In the 
guinea pig cornea test the quaternary compounds were either inactive or 
much less active than the corresponding tertiary bases The benzyl derivative 

TABLE III 7 


Activity of Quaternary Compounds, BiNR , on the Rat's Tail 



Equipotent molar ratios 
relative to (— >cocaine for 


Infittralion* 

Conduction’ 

RiN= R •= 

Procaine 

10 

71 

Me 

11 

83 

CHtPb 

15 

30 

Cocaine 

to 

10 

Me 

0 62 

48 

aijPh 

0 67 

13 

Onchocame 

0 45 

0 45 

Me 

0 67 

24 

CH»Ph 

062 

0 62 

Nador, Herr, Pataky, and Borsy (/PJJ) 

RsN - R' = 

Bcnzoyltropine 6 7 

aBu 17 

CHtPh 8 3 

Benzoyl-^ tropme (Tropaeoealne) 4 3 

0 38* 

nBu 

1 

031* 

CllePh 

' 

050* 


Gyermek U95S) 


* Relative to Procaine on the frog s sciauc pleaus 


of Cinchocaine, bo^^ever, in high concentrations, did produce effects and 
these lasted for a long time 

Hey and Willey (1954) found somewhat similar results among substituted 
choline phenyl ethers , choline 2 6-xylylcther {III 37), for example, produced 
effects in the gomea p}g wcaJ test comparable 
with cocaine but lasting between two and ten 
tunes as long The action of this compound has 
been studied m detail and Exley (1957) has 
shown that it does not block the passage of 
in 37 impulses along the axon but has an effect at 

the nerve ending In particular it is taken up 
selectively at postgangliomc sympathetic nerve-endings and prevents the 
release of the transmitter (page 82) 

It would seem to be very important, therefore, to test the benzylated 
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compounds on nerve-fibres The tests with reflexes are not specific enough to 
be satisfactory, for the reflex could be blocked by many types of drug, 
including those which blocked transmission at the neuromuscular junction 
(page 90), a property common among quaternary ammonium compounds 


The Active Form of a Local Anaesthetic 

With the exception of substances hke benzyl alcohol and the quaternary salts 
considered above, all the compounds which have been discussed are salts of 
bases To see whether the active form of the local anaesthetic was the ion or 
the free base, Trevan and Boock (1927) studied the effects of pH on local 
anaesthetic activity They measured the dissociation constants of a number 
of local anaesthetics and the smallest concentrations of heavily buffered 
solutions which produced patchy anaesthesia of the rabbit cornea in 10 
minutes The drugs examined were cocaine. Procaine, ^-Eiicaine, Amylocame, 
and the alkaloid conessme They then plotted the logarithm of the anaesthetic 
concentration of the drug against the pH of the solution and obtained parallel 
lines for all the drugs except conessme This is a dibasic substance, and the 
slope of the line for this drug was twice the slope for the others 
If the dissociation is written 


= B + H+ 


Kt — 


[B1 [H*l 
[BH*1 


The concentration producing anaesthesia, C, will be [B] + tBH+], 


If the base, B, is the active species this relationship would give curves of 
the type found (Fig III 3) 

When (H+] < Aa, C = [B1 (i e is constant) 


In acid solutions, when > 1, 

Ao 

From the dissociation constants and the experimentally determined values 
of C at pH7, Trevan and Boock calculated the values of C at other values of 
pH and compared these with the observed values The results do not quite 
agree and there are three possible explanations for the discrepancy 


1 The difference may be caused by the effect of the change of pH on 
the tissues This seems unlikely because of the results obtained with cones- 
sine and the observation that the activity of benzyl alcohol is independent 
of pH 

2 The salt itself may have some activity 

3 The pH of the nerve endings affected by the drug may be different 
from that of the buffer 
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The effects of pH on local anaesthetic activity have also been studied by 
Skou (1954), who measured the concentrations of Procaine, cocaine, 
Tropacocaine, Amethocame, Cmchocame, and n-butanol which just blocked 
conduction m the dc sheathed single sciatic nerve fibre of the frog The 
experiments were carefully arranged so that the drug should be at the pH of 
the buffer and also so that equilibrium should be achieved As m the cxpen- 

a*Proca/ne 



s € 7 e 9 fO 

pH 



(Trevan and Boock, 1927, Brit / Exp Path , H K Lewis, 
reproduced by permission ) 

ments of Trevan and Boock, the concentration of base corresponding to the 
anaesthetic concentration, C, was not absolutely constant, being lower at 
more acid pH Shanes (1958), however, has pointed out that the calculation 
should be based on activities and not on conwntrations, and if the calculation 
IS made using the activity coefficients obtained in further work (Skou, 1954), 
the calculated and observed values for C at different values of pH become 
identical (Skou, 1961) These results then indicate that it is the free base 
which is the effective agent 
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The Mode of Action of Local Anaesthetics 

Local anaesthetic activity is found in a very wide vanety of chemical structures 
and It seems unlikely that such compounds can all be acting on the same 
biochemical process in the nerve^ceU to produce their effects It seems mote 
reasonable to suppose that the action depends either on the physicochemical 
properties of the compounds or that these physicochemical properties are 
at least essential, even though the mechanism by which conduction is blocked 
may depend subsequently on interference with one of a number of bio- 
chemical processes 

The mode of action of local anaesthetics has been reviewed by Ldfgren 
(1948), Shanes (1958), and BUchi and Pcrlia (I960) An understanding of 
how they act must depend upon a knowledge of how they affect the ionic 
movements across the cell membrane upon which normal transmission of 
nerve impulses along the axon appears to depend Bennett and Chinburg 
(1946) found thaba vanety of local anaesthetics, including cocaine. Procaine, 
^Eucaine, Cmchocaine, and Amethocaioe, do not affect the resting potential 
of frog’s sciatic nerve-fibres The blockage of conduction, therefore, does not 
depend upon depolarization of the axon membrane Bennett and Cbinburg, 
in fact, concluded that the block was the result of the stabilization of certain 
conditions which must be labile for the conduction of an impulse If, for 
instance, the drugs stabilized the permeability of the membrane to sodium 
ions, an action potential could not be propagated 

It IS not possible, as yet, to say what processes may be stabihzed and how 
this may be brought about Suggestions can, however, be obtained from 
studies of the physicochemical properties of local anaesthetics Skou (1954) 
studied the effects of a number of local anaesthetics on single nerve-fibres 
(see above) and also their distnbution between nervous tissue (spinal cord of 
the ox) and water, their effects on surface (air/water) tension and interfacial 
(n hexane/water) tension, and their ability to penetrate a monolayer of 
steanc acid or a monolayer of hpid extracted from frog $ sciatic nerve Some 
of the results arc summarized m Table III 8 The relative solubility m nerve- 
tissue, relative effects on surface and mtcrfacial tension, and relative pene- 
tration into a monolayer of steanc acid were estimated by companng con- 
centrations producing equal effects There appears to be some correlation 
between solubility in nerve tissue and toxic potency (i e ability to block 
conduction irreversibly), and between ability to penetrate a monolayer of 
steanc acid and blocking potency In the experiments with the monolayer 
of lipid from frog’s nerve the drugs were tested in the concentrations which 
blocked conduction (reversibly) and the degree of penetration into the layer 
calculated from the change m surface pressure The results indicate that 
although the minimum blocking concentrations of the drugs vary over 
10,000-fold, the equivalent concentration present in a monolayer of Iipid 
from frog’s nerve only vanes 4-foId 

From these results it can be conclnded that local anaesthetic activity, for 
the particular compounds tested, is associated with ability to penetrate a 
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lipoid monolayer It is possible, but not necessarily justifiable, to regard the 
blockage of conduction as a consequence of this ability to penetrate the 
lipoid monolayer and to interpret the block by supposing that the sub- 
stances expand the protein layer on the membrane surface and alter the 
charactenstics of the pores (Shanes, 1958, Skou, 1961) It is also possible to 
imagine the compounds blocking the pores themselves (Buchi and Perlia, 
1960) The value of these pictures depends absolutely on the importance of 
pores in the transport of ions Until transport mechanisms are better under- 
stood, the mode of action of local anaesthetics must remain obscure It is 
possible, for instance, that the substances require certain physicochemical 
properties to enable them to penetrate into the membrane but, once in, they 
may not all be equi-effective or even act m the same say 
Straub (1956), from expenments with Procaine on myelinated frog nerve- 
fibres, suggested that local anaesthetic effects were produced by an action on 
the sodium ion transport system Shanes and Berman (1959), from experi- 
ments with cocaine on de-sheathed toad’s sciatic nerve-trunks, concluded 
that local anaesthetics act only on the outermost layer of the membrane and 
reduce the permeabihty to both sodium ions and potassium ions Condouris 
(1961), from expenments with cocaine on a similar preparation, concluded 
that cocaine and sodium ions are competitive antagonists So far, then, the 
results point to only one action by local anaesthetics, on the sodium ion trans- 
port systems Changes m the potassium ion transport may be linked with 
this as there is evidence that sodium ion transport and potassium ion trans- 
port may be interdependent (Ussiog, 1954) 

If these transport systems are enzymic it would be expected that local 
anaesthetics could be shown to be inhibitors It is very difficult to set about 
demonstrating this when there is no indication of what types of enzyme 
might be involved Watts (1949) showed that some local anaesthetics depressed 
the respiration of brain tissue, m particular inhibiting the metabolism of 
succinate, but many local anaesthetics are central depressants and these results 
cannot be very relevant to what may occur m the axon membrane Ryman 
and Walsh (1955) have shown that some local anaesthetics (in 10*3 concen- 
tration) block the synthesis of citrate m the citnc acid cycle, but most of the 
work on the effects of local anaesthetics on enzymes has been with cholin- 
esterases, and to a lesser extent, with amineoxidases At one time it was thought 
that acetylcholine might be involved m the passage of the action-potential 
along the nerve axon and local anaesthetics might inhibit its destruction by 
acetylcholinesterase Skou (1956) did not find any correlation between 
blocking activity on single de-sheathed nerve-fibres and ability to inhibit the 
destruction of acetylcholine by acetylcholinesterase or by intact red cells 
(which contain acetylchohnesterase) 

The mode of action of the quaternary derivatives of local anaesthetics 
(page 67) presents a problem First, it must be clearly established that the 
substances do in fact block conduction in nerve fibres and not at the sensory 
endings If this can be demonstrated (and it does not appear to have been 
done), then information must be obtained about the effect of these substances 
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on lipoid films It is conceivable that sufficient fat solubility m the benzyl of 
other part of the molecule might lead to their distnbution along the outer 
surface of the axon-membrane, but this should lead to depolarization of the 
surface Such an action has been fouodfor the Procaine caution (Straub, 1956) 
and also for the quaternary methyl derivative of Procaine (Skou, 1961) The 
effects of the ionised form in increasingihc flux of sodium ions might produce 
a block by a mechanism qiute different from that of the unionized base 
Although much evidence has been obtained which mdicates that local 
anaesthetics are active m the unionized form and which suggests that 
quaternary ammonium salts ought not to be acting m the same way, as they 
are permanent cations, the matter cannot be regarded as being defimtely 
settled The unionized form of a local anaesthetic is clearly important for 
the transport of the drug to the site of action, but it is still possible that the 
ion is active at this site Ritchie and Greengard (1961) have performed experi- 
ments in which de-shcathed fibres of the cervical vagus nerve of the rabbit 
(these are mainly C-fibres) were exposed to high concentrations of drugs such 
as Amethocaine and Cmchocaine The drug solution was then removed and 
the fibres were bathed in hufier solutions which did not contam the drug 
The Amethocaine or Cmchocaine present in the fibres took several hours to 
diffuse out and dunng this penod the effects of pH on the degree of block 
could be studied If a suitable concentration of drug had ongioally been 
selected, it was possible to obtain a situation m which transnussion was 
blocked at pH 7 2, but was markedly and rapidly restored at pH 9 6 The 
block returned when the buffer was changed back to 7 2, and this process of 
reducing the block in alkahne pH and restoring it at more acid pH could be 
repeated several times This was not so easy to demonstrate with Procame, 
however, as this drag appeared to diffuse from the nerve Sbres much more 
rapidly than Amethocaine or Cmchocaine The transmission in control, 
untreated, nerve-fibres was little affected by the changes in pH, and the 
results were taken to indicate that the block of transmission depends upon 
the presence of cations of the local anaesthetic m the fibre or fibre-membrane 
These findings are rather difficult to reconcile with those obtained by Trevan 
and Boock (1927) and by Skou (1954) and discussed on pages 69 and 70 
Ritchie and Greengard (1961) considered that the results of Trevan and 
Boock indicated the efiects of pH on the rate of action of the drugs, i e on 
their rate of penetration through the cornea, rather than on their absolute 
activity, but this should not be true for the results obtained by Skou with 
de sheathed frog sciatic nerve-fibres m conditions which should be those of 
equihbnum Possibly the discrepancy may be due to differences m the expen 
mental conditions In Skou's expenments the results were obtained at 
pH 6 0, 6 5, 7 0, 7 35, and 8 0, whereas in those of Ritchie and Greengard 
the results were obtained at pH 7 2 and 9 6, so the overlap is small Moreover, 
m the latter experiments no calcium ions were present, because these would be 
preapjtated in these alkaline conditions Although it cannot be concluded 
that the ion is not active once it is transported into the membrane, it is very 
doubtful whether it is essential for the action of local anaesthetics Apart 
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from the likelihood that this might depolanze the membrane, there are, after 
all, substances such as benzyl alcohol and saligenin, which have some ability 
to block conduction and yet are not ionized 

Another problem is the blocking action of calcium ions The calcium ion 
IS a normal constituent of body fluids (in concentrations of the order of 5 mM), 
but an increase in the calcium ion concentration markedly raises the threshold 
of nerve to stimulation, whereas a decrease increases the excitability It has 
been suggested that the action of calcium ions, like the action postulated for 
local anaesthetics, may depend upon an action on the expanded protein 
film at the cell surface (Skou, 1954, Shanes, 1958) Calcium ions are known 
to have the effect of stabilizing surface films, for example, of fatty acids 
(Langmuir and Schaffer, 1936), but the exact mechanism by which they affect 
nerve fibres is not clear 

Relationships Between Chemical Structure and the Usefulness of Local 
Anaesthetics 

The usefulness of local anaesthetics is largely determined by factors other 
than their absolute potency, e g by their ability to penetrate to a particular 
site and by their ability to remain at the site Relationships between structure 
and ability to penetrate mucous membranes, such as the eye, have not been 
worked out and it is difficult to see how this can be done with the present 
information available Many substances are active m the weal test but inactive 
in the cornea test (see, for example, Table UI 2), but there are also substances 
which have high activity in the cornea test, e g the substituted anilides 
(III 38, 39, and 40, Weidmann and Petersen, 1955), for which the equi- 
potent molar ratios relative to cocaine on 
the mouse cornea are 0 066 , 0 024, and 0 026 
respectively, but which are virtually inactive 
when tested on the mouse tail It is not really 
possible to deduce anything about ability to 
penetrate mucous membranes by comparing 
local anaesthetic activity on the cornea with 
activity in the weal or other test Such information can only satisfactorily be 
obtained by a direct study of penetration (for instance, with isotopically 
labelled drugs) 

Grieg, Holland, and Lindvjg (1950), however, have found that drugs which 
anaesthetize mucous surfaces inhibit erythrocyte acetylchohnesterase (page 
241), whereas other local anaesthetics do not Addition of esenne (which 
inhibits the enzyme) enables them to anaesthetize the eye It is difficult to see 
why this should be so Resistance to the action of butyrylchohnesterases 
(serum cholinesterases) should prevent the destruction of local anaesthetics 
and consequently might greatly enhance activity by prolonging the action of 
the drug This might explain the observations of Kalow and Maykut (1956), 
who found that in a senes of local anaesthetics (alkoxybenzoates and alkoxy- 
thiolbenzoates) activity was associated with abihty to block butyrylcholme- 
sterases which are also inhibted esenne, page 261 Unless mucous 
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membranes are exceptionally rich in butyrylcholinesterases, howe\'er, it seems 
unlikely that they can destroy the local anaesthetic so fast that they entirely 
prevent its action The enzyme could, moreover, only destroy local anaes- 
thetics which were esters , amides or other derivatives should be effective even 
though they might not have any affimty for the enzyme 
In the weal test activity will be greatly increased if the substance produces 
vasoconstriction or if a vasoconstnetor substance is given along with the 
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Luduena (1957) Ludunia Hoppe, and Borland (I9Sd) 


drug The relationships between the structure and vasoconstnetor activity of 
local anaesthetics have not been worked out It might be expected that a 
resemblance to sympathomimetic amines (page 294) should lead to activity 
Cocaine produces vasoconstnction by potentiatmg the action of the sym 
pathetic transmitter substances (page 340) The stability of the drug to 
butyrylcholinesterases m scrum and to amineoxidases inside the cells arc 
other factors, not studied systematically, which would lead to increased 
usefulness 

One further point about the weal test (which is true also of the cornea test) 
IS that It should detect substances which block sensory nerve-endings, as well 
as those which block the axons There is no reason to suppose that the 




Actions on Peripheral Nerve-Jibres 77 

process of block is the same at both these sites or that drugs are necessarily 
equi active at both, but little is known about this 

Although activity on the spinal cord might be expected to be more closely 
dependent on fundamental activity than activity on the eye or m the weal 
test, this is not what is found The results in Table III 9, for instance, taken 
from the work of Luduena (1957) and Luduena, Hoppe, and Borland (1958), 
are quite different from those in other tests, including those of Skou on single 
nerve fibres The differences may arise from the complexity of the cord, which 
contains many types of fibre Fibres which synapse m the grey matter and are 
involved in reflex arcs are quite different in structure from fibres found in 
white matter Whatever may be the reason, relationships between structure 
and usefulness in spinal anaesthesia are quite different from relationships 
between structure and local anaesthetic activity and they have not been worked 
out 

One factor which seriously affects the usefulness of local anaesthetics m a 
vanety of tests is their liability to irritate or damage the tissues Luduena 
el al (1955) studied the effects of a large number of local anaesthetics on 
surface tension at an air/watcr interface, their activity, and their liability to 
produce imtancy as determined by the penetration of Trypan Blue into the 
tissues They found that the irritation produced could be correlated with the 
surface activity of the drugs (whereas local anaesthetic activity could not) 
This finding may explain why many highly active local anaesthetics are im 
tant (e g the compounds studied by Fourneau and Samdahl, 1930, and by 
Macintosh and Work, 1941) 

The usefulness of local anaesthetics on mucous surfaces, at nerve endings 
and m the spinal cord cannot really be related to chemical structure or even to 
physicochemical properties Usefulness can only be determined from tests 
made m conditions which approximate to those m which the drugs are to be 
used It is for these reasons that fundamental tests of local anaesthetic 
activity arc seldom performed 

Conclasion 

The discussion of local anaesthetics emphasizes the importance of physico 
chemical effects m pharmacology and also our ignorance of the processes 
involved in transport mechamsms, both of ions through the nerve cell mem- 
brane and of drugs through mucous membranes 
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Distinction between nerre, muscle, and s^apse 

It IS convenient to distinguish between synapses, whether of nerve with 
nerve (as m ganglia) or of nerve with muscle, and nerve fibres and muscles 
or organs Conduction of impulses along a nerve or muscle-ctU is continuous, 
but at the synapse conduction is mlemipted 

Sensory Nerre^Endings 

Sensory nerve endings are quite different from motor nerve-endings They 
are affected by some sort of stimulus, chemical, electrical, thermal or mech* 
amcai, and give nse to an impulse m the sensory fibre Motor nerve-endings 
operate m the other direction and result in a roecbamcal response when an 
impulse arrives at the nerve-endings Very little is known about sensory 
nerve-endings and still less about the action of drugs upon them The actions 
of compounds upon the endings of sensory nerves responsible for taste and 
smell arc the concern of the cook and of the flavouring and perfume m- 
dustnes, but the difficulties of assessing taste and smell experunentally are a 
great obstacle to the discussion of the relationships between chemical 
structure and biological activity 

Some progress has been made m the study of the sensory nerve endings m 
the retina associated with vision (sec for example, Pitt and Morton, 1960), 
but the only actions of drugs on sensory nerve endings which will be con- 
sidered m this book are those involving ’cbcmoreceptors* These lead to 
reflex changes m heart rate, blood pressure and/or respiration Chemo 
receptors located in the aorta and m the carotid body (m the neck), for 
example, produce a nse in blood pressure and heart rate when stimulated, m 
contrast, barorecepfors located in the aorta and carotid body, produce a fall 
m blood pressure and heart rate when stunulated These receptors appear to 
be concerned with the normal maintenance of an appropnate heart rate and 
blood pressure One set raises the blood pressure when an increase in the 
carbon dioxide content of the blood indicates that it is too low The other set 
lowers the pressure when it is too high There seem to be a number of chemo- 
receptors located in vanous parts of the cardiovascular system Veratrine 
78 
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alkaloids (Dawes, 1947), for example, and amidines and trotfaioureas (Dawes 
and Mott, 1950, Dawes and Pastier, 1950, review by Dawes and Comroe, 
1954) produce reflex changes in blood-pressure and heart rate by actions 
involving at least three sets of reflexes Two of these are depressor and the 
receptors are located in the heart and lungs, the third is respiratory, with 
receptors in the lungs 

These actions will not be discussed in detail, but it is important to keep 
this type of effect in mind when assessing information derived from experi- 
ments on the blood-pressure or heart rate of whole ammals The effects 
should disappear nhcn the sensory nerves are cut 

Transmission at Sjuapscs of Motor Nenes 

The arrival of an impulse at the nerve endings m a ganglion or at a synapse 
with a muscle-cell results in the release of a chemical substance, called a 
‘transmitter’ It is this which acts on the next part of the chain of communi- 
cations, the dendrons of the postganglionic fibre or the receptors on the 
muscle or organ cell These are extremely sensitive to the transmitters, much 
more so than the surrounding tissues 

Proof of the Chemical Transmission of Impulses Across Synapses 

The possibility that impulses might be transmitted across synapses by 

chemical mediation was first suggested by EUiot (1904, 1905) for post- 

ganghonic sympathetic nerves Progress, however, was more rapid with the 

investigation of parasympathetic synapses and w'as based on the thorough 

examination of the properties of acetylcholine (IV 1) by Dale (1914), which 

made it seem likely that this particular sub- ^ 

stance might be a transmitter Even at these -C^ 

synapses the problem was complicated by the * ^0-CH*CHjNMej 

rapid destruction of acetylcholine by cbolin- Acetylcholine, IV i 

esterases, and it was not until after the discovery 

of the effect of esenne m preserving acelylchohne from destruction that ad 
vances could really be made The first convincing evidence for the theory of 
chemical transmission was provided by the expenments of Loewi (1921) 
Two isolated frog hearts were arranged so that the perfusion fluid (a suitable 
salt solution) flowed from one to the other (Fig IV 1) When the vagus nerve 
supplying the first heart was stimulated it beat more slowly, but Loewi 
observed that, at the same time, the second heart was also slowed Only the 
perfusion fluid connected the two, therefore the effect on the second heart 
must have been caused by the presence of some substance (which he called 
the ‘vagus stofT) m this fluid In suitable circumstances stimulation of the 
sympathetic nerve to the first heart increased the rate of beating of that heart 
and also of the second heart, thus showing that transmission at postgangli- 
omc sympathetic synapses involved a chemical agent (the ‘accelerans stofT) 
The identity of the ‘vagus-stoff’wilh acetylcholine followed from the work 
of Chang and Gaddum (1933) and Gaddum (193Q Acetylcholine had been 
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shown by Dale and Dudley (1929) to be a substance which occurred naturally 
in the body (they succeeded m isolating it from ox spleen) 

Chemical transmission m ganglia iRas demonstrated by Kibjakow (1933), 
who perfused the blood supply to tbe superior cervical ganglion of the cat 
(this IS a fairly large object m the neck) \Vhen the preganglionic fibres were 
stimulated an active substance appeared in the perfusate Feldbcrg and 
Gaddum (1933) and Feldberg and Vartiainea (1934), by adding esenne to the 
perfusion fluid, were able to show that this was acetylcholine Feldberg and 
Minz (1933) showed that acetylcholine was released following stimulation of 
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Fia IV 1 Demonstraiton of the Uberatton of a chemical transmitter diagrammatic 
only 

Perfusion fluid, P, passes from heart A to heart B Electrodes, E, used to stimulate 
the \ogus nene L and L are light lexers whtch nnte on smoked drums 

the splanchnic nerve to the adrenal medulla This structure can be likened 
to a sympathetic ganglion which has lost its postganglionic fibres or m which 
these have been reduced to zero length The release of acetylcholine, the 
transmitter in ganglia, produces a discharge from the adrenal medulla of Sym 
pathin, the transmitter at postganglionic sympatbclic synapses (see below) 
At the neuromuscular junction, le the synapses with voluntary muscle, 
chemical transmission was established by tbe work of Hess (19231 and 
acetylcholine shown to be the transmitter by Dale and Feldberg (1934) and 
Dale, Feldberg, and Vogt (1936) 

The identity of tbe transmitter at postganglionic sympathetic synapses 
('accelerans stofT’ or sympatbm) has been difScult to establish This is partly 
because its effects are different at different organs and partly because it is 
not a single substance Sympathetic stimulation of some organs produces a 
contraction or increased activity whereas stimulation of other organs pro 
duces relaxation or decreased activity Cannon and Roseoblueth (1933) 
suggested that the mediator released gave nse to a substance Sympathm E 
at the first type of synapse and to a substance Sympathm I (with different 
properties) at the second Sympathm E Avas supposed to cause the excitatory 
responses and Sympathm I the inhibitory ones This idea does not seem to be 
absolutely correct, nevertheless, the classification of the responses into 
excitatory and inhibitory is very convement 
Although, ever since the work of Barger and Dale (1910), it was known 
that adrenaline (IV 2) produced effects remarkably like those of sympathetic 
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stimulation, the parallel was not absolute Bacq (1933) had suggested that 
stimulation of sympathetic nerves might lead to tJie release of /loradrenahne 
(IV 3) and this substance has been shown to be present m sympathetic nerves 
by Von Euler (194Q, and in extracts of adrenal glands (Holtz, Credner, and 
Kronberg, 1947) Experiments suggest that it may be released when certain 
adrenergic nerves are stimulated (Gaddum and Goodwin, 1947, Peart, 1949) 
The effects of noradrenaline, however, are not 
exactly the same as those of sympathetic stimula* 
tion, in particular, it is less effective than 
adrenaline at sites where the action is inhibitory 
It IS now accepted that Sympathin is a mixture 
of adrenaline and «or-adrenahne (possibly there 
IS even a third substance involved), the proper* 
tions of which vary from one site to another Thcproportions may also vary with 
the amount of nervous activity Sympathin from the adrenal medulla contains 
a high proportion of adrenaline, but if the splanchnic nerve is stimulated for 
some time, the proportion of noradrenaline rises considerably (West, 1950) 
If the gland is exhausted (e g by treatment witli acetylcholine) the replace- 
ment of the stores of noradrenaline is much more rapid than the replacement 
of the stores of adrenaline (Dutterworth and Mann, 1957) 
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Chemical ClassiHcation of Synapses 

Nerve-endings can be classified into cholinergic and adrenergic, according to 
the nature of the transmitter This chemical classification is found to cor- 
respond with some of the physiological divisions which are discussed in the 
Appendix, thus 


hfotor Henr endings 
Physiological class 

1 Voluntary 

2 Sympathetic (o) Preganglionic 

(6) Postganglionic 

3 Parasympathetic (o) Preganglionic 

(h) Postanglionic 


Chemical class 
Cholinergic 
Cholinergic 
Adrenergic 
Cholinergic 
Cholinergic 


The splanchnic nerve to the adrenal medulla, which belongs to class 2a and 
has no ganglionic relay, is also cholinergic, so arc some fibres to sweat- 
glands, although they belong anatomically to the sympathetic system 
Certain blood vessels dilate m response to acetylcholine, although they are 
not innervated by the parasympathetic These may be a further example of 
structures innervated by sympathetic cholinergic fibres but are more likely 
not to be innervated at all 


Correlation of the Chemical and Anatomical Gassifications of Synapses 
Although acetylcholine is the transmitter at so many different types of nerve 
endings its effects are not the same at all of them At synapses in ganglion 
cells, with voluntary muscle (these synapses are called neuromuscular 
junctions), and m the adrenal medulla, its effects are immediate, highly 
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localized {i e nearby tissues are not aflected), and extremely brief, summation 
(i t the fusing into one of responses to rapid stimuli) does not readily occur 
All these features ensure a fairly precise nervous control of the tissues At 
postganglionic nerve endings, whether cholinergic or adrenergic, the effects 
of the chemical transmitters are slower in onset, less highly localized, and 
more prolonged in action, summation occurs readily Nervous control of 
tissues innervated by postganglionic fibres (cholmergic or adrenergic) is thus 
fess precise than that m ganglion cells or voluntary muscle The overall 
position is summarized m Table IV 1 m which the various types of nerve 
are classified (A, B, or C as m Table Appendix II 2) 


TABLE IV 1 

Classlficatton of Nerves 


Fibre 

Appearance 



D 

Group 

Sensory 

Medultated 

ng 


B 

A(Cln 
spinal roots) 

Voluntary 

Sympatketic 

■niick, meduUaled 

Long 

Rapid 

Ach 

A 

Pregan^ionic 

Thm, medoUated 

Short 

Rapid 

Ach 

B 

Postganglionic 

Thin, non meduUated 

Long 

Sluggish 

Adr 

C 

Spbachmc 

Parasympathetic 

Thick, nedullated 

Long 

Rapid 

Ach 

? 

Pregasgliotue 

MeduUated 

Long 

Rapid 

Ach 

D 

FOstgaaghotui; 

Non Riedulbted 

Short 

Sluggish 

Ach 

C 


CT ^ Chemteci irofumliler Ach — actiyicholme Adr — Symjtaihm 


Classification of the Actions of Drugs at Peripheral Synapses 
It is necessary first to distinguish between 

1 Drugs which affect the release of the transmitter from the stores m the 
nerve endings 

2 Drugs which affect the action of the transmitter on the receptors on 
the postganglionic neurone or on the effector wll, and 

3 Drugs which affect the destruction of the transmitter and thereby 
prolong its effect 

UnUl recently few drugs of the first type were known, but important 
examples (e g Bretyltum, page 341) have now been discovered These act on 
the nerve terminals a structure quite distinct from the axon and from the 
muscle cell or postganglionic nervc-cell 
Most drugs, like the transmitters themselves, affect the receptors on the 
postganglionic neurone or on the nniscle-cell At the synapses of voluntary 
nerve with muscle these receptors arc collected together in a highly organized 
structure called the end plate At synapses with smooth muscle, however, the 
receptors are distributed much more diffusely over the cell and there is no 
structure corresponding to tbe end plate The term ‘neuromuscular junction’ 
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IS used to refer to synapses with voluntary muscle and this term should not 
be used to describe synapses with smooth muscle Although the latter are, 
logically speaking, junctions of nerve with muscle, the lack of organization 
at this junction and its different characteristics necessitate distinguishing 
clearly between the two types Synapses m ganglia resemble those in the 
neuromuscular junction more than they resemble the synapses with smooth 
muscle, but this type of synapse, too, must be distinguished from the 
others 

The ability of drugs to act by preventing the destruction of the transmitter 
obviously depends upon the existence at the synapse of some mechanism 
which rapidly destroys the transmitter As will be discussed in Chapter VIII, 
the transmitter acetylcholine is rapidly destroyed at many synapses by 
chohnesterases Many drugs, such as esenne (page 259), produce pharma- 
cological effects very like those of acetylcholine by inhibiting the actions of 
these cholinesterases The mechanism for the destruction of noradrenaline 
and adrenaline is not so clearly known, nor does it appear to be as important 
physiologically in limiting the action of the sympathetic transmitter as are the 
chohnesterases m limiting the actions of acetylchohne 

When classifying the actions of drugs at synapses it is also necessary to 
classify the synapses themselves Just as the effects of acetylchohne are not 
the same at all synapses even though it may be the transmitter (see above), 
other drugs differ in action from one synapse to another even though these 
may all be cholinergic The actions of acetylcholine at synapses of voluntary 
connexions and m ganglia is imitated by nicotine (small doses), antagonized 
by curare alkaloids (and large doses of nicotine), but relatively unaffected by 
atropine These effects are called the mcotine-hke properties of acetylchohne 
(Dale, 1914) 

At the synapses of postganglionic parasympathetic fibres with smooth 
muscle the effects of acetylchohne arc imitated by muscarine, abohshed by 
atropine, and unaffected by curare alkaloids This is also true at post- 
ganghonic sympathetic cholinergic synapses These arc called the muscanne- 
like properties of acetylchohne 

Even the division of cholinergic synapses into sites of the nicotme-like 
actions of acetylcholine and sites of the muscarine Uke actions is inadequate 
The receptors in the ganglia and neuromuscular junction must be different 
even though these are both sites of the nicotine-hke actions of acetylchohne 
The substance Decamethonium (page 109) is an effective blocking agent at 
the neuromuscular junction and virtually without any effect at ganglia, 
whereas Hexamethonium (page 165) is a ganglion blocking agent with little 
action at the neuromuscular junction 

Reference has already been made to the differences between the ability 
of noradrenaline and adrenaline to produce excitatory and mhibitoiy re- 
sponses Ahlquist (1948) suggested that the receptors producing excitatory 
responses be classified as ‘a’»reccptors to distinguish them from those pro- 
ducing inhibitory responses, ‘p* rei^tors The receptors in the heart are 
also classified as p, but appear to be different from other p receptors and are 
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probably best put in a class of Ihcir own The action of /loradrenalinc, for 
instance, is most marked at « receptors, but the substance also acts on the 
p receptors in the heart 

The actions of drugs at peripheral synapses can, therefore, be classified 
according to the type of synapses affected, the site within the synapse which is 
affected, and the nature of the effects, i e whether the drug produces the 
same effect as the transmitter or blocks transmission 

The classification adopted in this book is 

1 Stimulation and block of voluntary synapses 

2 Stimulation and block of synapses m ganglion cells 

3 Stimulation and block of postganglionic paraqmipathctic synapses 

4 Imitation of the action of acetylcholine by inhibiting its destruction 

5 Effects on postganglionic sympathetic (adrenergic) synapses 

This classification, although it distinguishes some drugs which act in 
directly by affecting the enzymic destruction of the transmitter, is inadequate 
in that It does not specify the site within the synapse which may be affected 
by the others Most drugs act on the receptors on the muscle cell or post- 
ganglionic neurone, but some drugs act, or appear to act elsewhere within 
the synapse (e g on the pre synaptic nerve terminals) There axe not enough 
clearly established examples of this type of action, however, to justify setting 
these out separately, and they are discussed m a section of the appropriate 
chapter 

Frodnction of the Same Effects by DifTerent Mechanisms 
Most organs of the body are innervated by both sympathetic and para 
sympathetic systems The balance can be upset in the same duection cither 
by stimulation of the one or depression of the other It is therefore necessary, 
when both systems arc present in the test object, to establish which is being 
affected by the drug This is usually done by seeing how the responses are 
modified by the action of an agonist or antagonist which is known to affect 
one system and not the other The trouble can be avoided by the selection of 
a test object which contains only one type of synapse, but this is not always 
easy Even m these circumstances there is the possibihty that drugs may act 
at different sites within the synapse 

The terms ‘sympathomimetic and ‘parasympathomimetic’ are often used 
to desenbe the effects of drugs which act at synapses m the autonomic 
nervous system This nomenclature, though convcmently descriptive, gives 
no indication how the effects are produced and may be misleading It is also 
extremely common, for example, to test the effects of drugs on blood 
pressure, and although this may lead to the rapid classification of a drug as 
sympathomimetic (pressor) or parasympathomimetic (depressor) it may be 
very difficult to interpret the results correctly 

The blood pressure depends upon the rate of pumping of the heart the 
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degree of constriction in the large artenes, and the resistance of the penpheral 
blood-vessels The rate of pumping of the heart depends not only on the rate 
of beating but also on the stroke-volume, and the penpheral resistance 
depends on the degree of dilatation or constriction of not merely one type 
of blood-vessel but of many types Additional factors to be considered in 
intact animals are the reflex mechanisms which may offset any rise or fall m 
blood-pressure (page 78) and which can be eliminated by cutting the 
sensory nerves In general, the penpheral resistance is more important m 
dctenmnmg blood-pressure than is the rate of pumping of the heart If the 
blood-vessels are dilated there will be a fall m pressure even though the 
heart is pumping hard, though in this situation there may be a big difference 
between the systolic pressure (at the peak of the contraction) and the dia- 
stolic pressure (when the effects of contraction are weakest) Another im- 
portant point IS that the sympathetic system is more important in setting the 
resting blood-pressure than the parasympathetic A drug which blocks con- 
duction in gangha (both sympathetic and parasympathetic) is likely to pro- 
duce a fall in blood-pressure and likewise a drug which stimulates both types 
of gangha is likely to produce a rise 

A fall in blood-pressure could be produced by a slowing of the heart-rate, 
vasodilatation of peripheral vessels, or reflex stimulation of the vagus nerve 
A slowing of the heart-rate could be brought about by an acetylcholmc-like 
action at the ganglia of the heart or at postganglionic synapses It could also 
be brought about by a block of ^pathetic impulses either at the sympa- 
thetic ganglia or at the postgan^ionic synapses Dilatation of the blood- 
vessels could be an acetylchohne-like response or, m the blood-vessels of 
voluntary muscle, an adrenahne-hke response at p-receptors It could also 
be brought about by a block of sympathetic impulses leading to vasocon- 
striction 

A nse in blood-pressure could be produced by an increase m the rate of 
pumping of the heart, by vasoconstnction of penpheral vessels or refiexly 
The increased rate of pumping could be the result of an adrenaline like action 
(at p-receptors in the heart) or of a block of cholinergic parasympathetic 
impulses with a consequent freeing of the heart from parasympathetic inhi- 
bitory control Vasoconstnction of peripheral vessels is most likely to be the 
result of an adrenahne-hke action at the a-rcceptors Blockage of cholinergic 
vasodilator effects is not likely (o lead to much nse in pressure because, as 
has already been mentioned, it is the sympathetic supply which is more 
important in setting the blood-pressure, and there is no indication that these 
particular blood-vessels are innervated by adrenergic sympathetic fibres 

Changes in blood-pressure may also be brought about by an action on the 
adrenal medulla, or refiexly by actions at chemo- or bare sensory receptors 
(page 78), by an action on the central nervous system, or by a direct action 
on the heart or the blood-vessels Ergotamine, for example, has a direct 
vasoconstnetor action on peripheral blood-vessels as well as its action m 
blocking adrenergic synapses (page 320) Changes may even be produced 
indirectly by an action on the coronary circulation, which supplies the heart 
itself, although most of the substances which affect the coronary vessels (e g 
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papaverine, which dilates them), also affect some, at least, of the penpheral 

vessels 

It will be seen that the interpretation of pharmacological tests of activity 
on the blood-pressure may be very difficult, although the difficulties may not 
be apparent at first sight The cardiovascular system is an extreme example of 
a test object on which the same effects may be produced by a vanety of 
different mechanisms 
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Actions at Cholinergic Synapses: 
I. The Neuromuscular Junction 


Acfttylchohne at the neuromusailat junction - Miniature end plate potentials - 
Removal of acetylcholine - Effects of degeneration - Antagonism of the action of 
acetylcholine at the neuromuscular junction - Desensitization - Uses of neuromus- 
cular blocking agents - Testing of agonists at the neuromuscular junction - Testing 
of antagonists at the neuromuscular junction (t e neuromuscular blocking agents) - 
Information obtainable from tests 

AGONISTS Introduction - Compounds closely related to Acetylcholine simple 
onium sails - Effects of alteration of the omuni group m acetylcholine - Effects of 
altering the acyl group - Effects of altettng the choline part of acetylcholine - Nicotine 
and related compounds - Decameihonium and other decamethylene h»*onium 
salts - Analogues m which the chain is altered - Sis onium salts which are esters - 
Value of information obtained from the experiments with the frog rectus - Rela- 
tionships between structure and abili^ to cause contracture of slow fibres 

ANTAGONISTS Compounds related to tubocurarmc - EfTccls of pH on activity 
and ionization of phenolic groups - Stereospecificity - Development of synthetic 
neuromuscular blocking agents - The first group relatively simple structures - 
Second group, more complex structures - Tropme derivatives - p-Erythroidme - 
Alkaloids of Calabash Curare 

Distribution of receptors at the neuromuscular junction - The structure of 
receptors at the neuromuscular junction - Differences between the neuromuscular 
junction and ganglia - Possible connexion between ability to cause contracture and 
ability to block by desensitization - ‘Mixed block Antagonists of neuromuscular 
blocbng agents - Actions at the neuromuscular junction other than on receptors at 
the end plate - Conclusion 


Acetylcholine at the Neoromoscular Joaction 

Ability to stimulate the receptors in the neuromuscular junction is a nicotme- 
Iike property of acetylcholine The response of voluntary muscle should be a 
twitch, comparable with that produced by stimulating the voluntary nerve 
supplying the muscle 

It 13 not easy to produce such a twitch, however, simply by injecting 
acetylcholine Frank, Nothroann, and Hirsch-Kaufmann (1922) showed that 
when the nerve supply to voluntary muscles was cut and allowed to degener- 
ate, the denervated muscles were abnormally sensitive to acetylcholine 
Gasser and Dale (1926) and Dale and Gasser (1926) found that acetylcholine, 
injected intra-artenally, produced a contracture of such denervated muscles 
(they used the cat’s gastrocnemius), but the effects are vanable (Brown, Dale, 
and Feldberg, 1936) and resemble tetanic responses rather than twitches The 
method of injection is extremely important, and if the acetylchohne is applied 
close enough to the neuromuscular junction a response resembhng a twitch 
D 87 
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may be obtained even with nonnal mammalian muscle (Brown, Dale, and 

Feldberg, 1936) 

The effects of acetylcholine ar^ however, most satisfactorily demonstrated 
by the direct application of small amounts of acetylcholine to the neuro- 
muscular junction Micro electrodes and micro-pipettes have been developed 
(Graham and Gerard, 1946, Ling and Gerard, 1949, Nastuk and Hodgkin, 
1950, Fatt and Katz, 1951, Nastuk, 1951, 1953) which have a tip whose 
diameter (approximately 0 5 t^) is less than that of certain voluntary fibres, 
such as those of the frog sartonus (50-100 |i), and it is, accordingly, now 
possible to apply acetylcholine in conditions closely resembling the physio- 
logical release from the nerve ending The pipette, filled with acetylcholine, is 
placed near the end-plate (visible under a binocular microscope of approxi- 
mately 80 X magnification), and a pulse of acetylcholine is released electro- 
phoretically In these circumstances the muscle responds with a twitch 

This mechanical response is associated with electrical changes at the 
membrane of the muscle end-plate If a micro electrode is placed inside the 
cell at the end-plate region and a second micro electrode just outside it, there 
IS a resting potential difference of about 90 mV, the outside being positive 
with respect to the inside Stimulation of the voluntary nerve, or local electro- 
phoretic application of acetylcholine, produced a depolarization of the 
membrane followed by a repolanzation, the whole change being termed an 
end plate potential, this is followed by the action-potential of the muscle- 
fibre The process can be compared with the action-potential in a nerve-fibre, 
and It can be supposed that the interacUon of acetylchobne with the receptors 
m the end-plate leads to changes in the tonic permeability of the membrane 
and that consequent ion movements account for the end-plate potential and, 
possibly, also trigger off the contractile mechanism of the muscle-fibre 
Whatever the mechanism whereby Ibe union of acetylcholine with the 
receptors m the end-plate leads to contraction of the muscle cell, it seems clear 
that the electrophoretic application of acetylchobne to the end plate leads 
not only to a twitch comparable with that produced by acetylcholine, but 
also to comparable end plate potentials 

Mmiatnre £nd-platc Potentials 

lhas been found (review by Katz, 1958) that m the nonnal resting state the 
membrane potential is not absolutely steady but is disturbed by small 
changes, termed mimature end-plate potentials, which have the same shape 
as a full-sized end plate potential but are very much smaller (0 5-1 mV), and 
which do not lead to a twitch-response by the muscle These changes are 
thought to be due to the intermittent release of small quantities of acetyl- 
choline from stores m the nerve-endings, these stores being discrete vesicles, 
which are recognizable histologically (Fig VI) These ideas unply that the 
release of acetylcholine is quantal and this fits in with what is known about 
the distribution of the size of the miniature end plate potentials These are 
not randomly distributed about a mean value but appear to be distributed 
about several values which could betaken to represent the end-plate potentials 
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Actions at the Neuromuscufar Junction 
produced by a particular (whole) number of quanta of acetylcholine It is 
suggested that the disruption of the vesicle through the membrane of the 
nervC'Cnding may involve Ca++ as a co-factor It has been estimated (Acheson, 
1948) that a single (full) end-plate potential results from the release of about 
5 X 105 molecules of acetylcholine at a single nerve-ending It has also been 
estimated that a (full) end plate potential is equivalent to between 220 and 
310 (Boyd and Martin, 1956) and 250 and 500 (Liley, 1956) miniature end- 
plate potentials It follows that the vesicles contain about 1,000 molecules of 



FIG v I Cutaway view of motor nene terminal lying m its 'synaptic trough’ in a 
muscle fibre Cf Birks, Huxley & Katz i Physiol , 150, 134-44 

acetylcholine Macintosh (1959) puts the figure as low as 400 for motor 
nerve-endings m the cat, Strau^an (I960) puts it as high as 1,500 for the 
endings in the rat diaphragm When acetylcholine is applied electrophoreti- 
cally to produce an end plate potential, much larger amounts, about 10® 
molecules (Castillo and Katz, 1955), must be given than those released by 
stimulation of the nerve This is presumably because the pipette is much 
further from the receptors on the muscle than is the nerve-ending and only a 
small fraction of the electrophoretically released acetylcholine reaches the 
receptors Krnjevic and Miledi (1958) have obtained end plate potentials 
with the rat diaphragm using only 4 x 10* molecules of acetylcholine 
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KemoTal of Acetylcholine 

In the resting state the receptors m the muscle end-plate are exposed to con- 
centrations of acetylcholine which are too low to produce a response The 
acetylcholine molecules are lost by diffusion from the end-plate and subse- 
quent destruction by acetylcholinesterase (page 241), which is located nearby, 
but not at the receptors themselves The enzymatic destruction of acetyl- 
choline will create a concentration gradient which should assist m the re- 
moval of the compound by dilTuston This process appears to be highly 
efficient m voluntary muscle because the response of this muscle to stimula 
tion IS remarkably rapid and transient Separate twitch responses can be 
obtained with repetitive stimuli at rales as high as several shocks per second 
and It IS only with higher rates that summation occurs 

Effects of Degeneration 

If the nerve supply is cut and allowed to degenerate, miniature end plate 
potentials are no longer seen and, as already mentioned, the denervated 
muscle is extremely sensitive to acetylcholine It may be supposed that this 
extreme sensitivity arises from the absence of any acetylcholine at the 
receptors m the resting state of the muscle If the relationship between re- 
ceptor occupancy and biological stimulus is somewhat similar to the curve 
on page 9, and if the tissue can accommodate itself to subthreshold stimuli 
mamtamed for a long time, the change in stimulus produced by quite small 
amounts of acetylcholine m denervated muscle (A 5) would be much greater 
than the change produced by a comparable increase in the acetylcholine 
concentration where there was already a considerable concentration of 
acetylcholine There is also evidence, however, that the changes in sensitivity 
after denervation may, after several days, be due to changes in the distnbu 
tion of receptors on the muscle (MUcdi, 1961 , cf Thesleff, 1960) 

Antagomsm of the Action of Acetylcbobne at the Neuromnscolar Junction 
A substance which antagonizes the action of acetylcholine at the neuro 
muscular junction should lead to a block of transimssion In an individual 
junction, consisting of a single nerve fibre and a single muscle-fibre, trans- 
mission IS all or none and the effect of an antagonist will be all or none It 
will either interrupt transmission or fail to interrupt it With a whole muscle, 
containing a considerable population of end plates, an antagonist may 
produce a graded response, i e a partial paralysis, if the concentration of the 
antagonist is such that only a certain proportion of the end-plate population 
IS blocked (although each end plate is blocked completely) 

The oldest known neuromuscular blocking agents are the curare alkaloids, 
a group of South Amencan arrow poisons which is divided into ‘tube’, 
‘calabash’, and *pot’ curares according to the sort of vessel m which they are 
prepared As long ago as 1850, Pelouze and Bernard showed that the paralysis 
by extracts of ‘curare’ was caused by an action at the neuromuscular junction 
One leg of a decapitated frog was tightly ligatured, the curare extract was 
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injected into the rest of the animal, but the drug does not reach the ligatured 
hmb (Fig V 2 ) When the ligatured limb was immersed in acid it twitched 
violently This was a reflex response sensory fibres carried impulses to the 
spinal cord whence motor fibres earned the efferent impulses to the muscles 
involved m the withdrawal process The unligatured limb, however, did not 
respond to immersal in acid, although it was shown m other experiments 
(Bernard, 1857) that ‘curanzed’ muscles could still be made to contract by 
direct electneal stimulation The drug, therefore, does not act on the nerve 



no v2 1 Drug Injected Into abdomen, shaded area represents the parts of the 
animal affected 

2. Sciatic nerve connected to electrodes 

3 Limb affected by drug, fails to respond to stimulation of nerve, but does respond 
to direct stimulation 

4 Limb unaffected by drug, responds to electrical stimulation of sciatic nerve 

(for the nerves involved in the withdrawal of the ligatured limb are exposed 
to the action of the drug above the ligature), nor does it act on the muscles 
themselves (since these can still respond to direct sUmulation), and must 
therefore act at the junction of the nerve with the muscle This idea was also 
put forward independently by Kblliker (1856) 

If the electneal events at the end plate are studied it is observed that an 
antagonist, such as (4-) tubocuranne chlonde (a pure alkaloid of tube 
curare which is commeraally available), has no action on the resting poten- 
tial, but markedly reduces the end plate potential produced by stimulation of 
the nerve or electrophoretic application of acetylcholine (Fig V 3) It has no 
effect if applied inside the muscle fibre (Castillo and Katz, 1957) It is sup 
posed that (4-) tubocuranne ions compete with acetylcholine ions for 
receptors on the end plate membrane This assumption receives support 
from the work of Van Maanen (1950) and Kirshner and Stone (195!) who 
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tested the effects of different concenlratioos of (+}-lubocurarme in antagon- 
izing the contracture of the frog rectus abdominis (see below) produced by 
different concentrations of acetylcholine More direct evidence is provided 
by the experiments of Jenkinson (1960) who has studied quantitatively the 
effects of different concentrations of (-hHubocuranne on the depolanzation 
produced by vanous concentrations of acctylcholme and carbachol 
252) The muscles tested included both slow fibres (frog rectus abdominis) 
and twitch fibres (frog sartonus), and the results were consistent with the 
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FiQ V 3 Electrical responses at the end plate of a single fibre of the frog's sartonus 
muscle »/ien the molar nerve is stimulated the responses Indicate the potential 
difference between a miero-electrode placed inside the muscle fibre, near the end 
plate, and a reference electrode outside the cell The upper record. A, shows the 
normal response, an action potential preceded by the initial end plate potential step 
The loy.er record, B, shons the response in the presence of a concentration o/(-t-)- 
liibocurarlne just sufficient to block transmission, an end plate potential alone, 
whose amplitude is not large enough to imliate an action potential {Gmsborg, 
unpublished) 

hypothesis that the agonist and antagonist compete on a one-to-one basis 
for the receptors at the end plate This applies, however, only to the process 
leading to depolarization and not to the end plate potential or the events 
leading to contraction Although, id theory, it should be simple to study the 
effects of the antagonist on the end plate potential produced by electro- 
phoretic apphcation of agonist it is in practice very difficult to estimate the 
amount of drug released by the electrophoretic pulse, and this experiment 
does not appear to have been performed 

i3csensit2zalion 

Competitive antagoiusm of acetylchohne, however, is not the only way of 
blocking transmission at the neuromuscular junction It has long been 
observed that smooth involuntary mnsde becomes insensitive after large 
doses of acetylcholine This phenomenon is termed tachyphylaxis or de 
sensitization Similar effects were observed with voluntary muscle by Brown, 
Dale, and Fcldberg (1936) who found that, after large doses of acetylchohne 
(m the presence of esenne, which prevents its destruction by cholinesterase) 
the contractions of the cat gastrocnemius muscle, in response to stimulation 
of the sciatic nerve, were reduced The desensitization of voluntary muscle 
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however, is most convincingly demonstrated by the repeated electrophoretic 
application of acetylcholine at a neuromuscular junction and observing the 
effect on the end-plate potential Even in a few minutes (Fig V 4) it may be 
possible to make the end-plate insensitive to acetylcholine, and substances 
which act like acetylcholine may have the same effects At the neuromuscular 
junction, therefore, it is necessary to try to distinguish between two types of 


^ ~ ^ t S5ec 


senV 


Fio v4 End plate desensltizalton produced by acetylcholine the spikes show the 
transient depolarization of the end plate of the lenuissimus muscle of the cat, pro~ 
duced by the brief electrophoretic application of acetylcholine After the three 
control responses acetylcholine not applied continually in a low concentration 
during the period indicated by the arrows and the electrophoretically applied pulses 
of acetyUkoline produced a much smaller effect, although the resting potential of 
the cell {the base line) has not disturbed to any extent The responses rapidly 
returned to normal hhen the 'background' acetylcholine H>as washed out {Thesleff, 
1958 , reproduced by permission ) 


action, a truly curare-like or 'pachycurare-Iike' competition with acetylcholine 
and an action like excess acetylcholine, which has been termed ‘leptocurare- 
like’ (Bovet, 1951), ‘depolarizing’ (Bums and Paton, 1951) or 'desensitizing’ 
(Thesleff, 1955) 

The term ‘depolarizing’ is rather misleading With certain drugs and certain 
muscles (Bums and Paton used the cat’s gracilis) there is initially a depolan- 
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FIG v5 DesensitizatianaccompamedbydepolarizaUon the experiment has similar 
to that shown in Fig V 4, but the end plates of the cat's gracilis muscle Here used 
The addition of Decamethonium to tins preparation produced depolarization of the 
end plate {shown by the rising base line) os well as a decline m the response to brief 
electrophoretically applied pulses of acetylckolute Note, however, that the de- 
polarization passed off more rapidly than the desensitizalion n/ien the Decametho- 
nium was washed out {Thesleff, 1958 reproduced by permission ) 


zation of the end plate This in itself could account for the neuromuscular 
block This depolarization, however, may pass off before the block (Fig 
V 5) In some muscles, the cat’s tenuissimus, for instance (Thesleff, 1958), the 
depolarization is so small that it should not give rise to block, a comparable 
depolarization produced by increasing the concentration of K+ ions does not 
affect transniission The block is belter called a desensitization, although even 
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this term, wlijch is used faere, docs not completely descnbe the situation 

because the initial stages of block may in certain circumstances be due to 

depolarization 

Uses of Nearomuscclar Blocking Agents 

Substances which block transmission at the neuromuscular junction and 
cause paralysis are of practical value in certain conditions It has been ob- 
served that in certain mental diseases, such as schizophrema, there is an 
improvement after the patient has been made to expcnence severe convulsions 
These are usually induced by apphcalion of suitable electric shocks to the 
head The convulsions, however, may easily result m broken or dislocated 
limbs, and this can be avoided by the administration of a neuromuscular 
blocking agent (Bennett, McIntyre, and Bennett, 1940) Likewise, in anaes- 
thesia, before the surgeon can operate, the anaesthetist must produce relaxa- 
tion It IS possible to do this with only one agent, such as diethyl ether, 
provided enough is given to block synapses in the spmal cord between the 
sensory and motor branches of reflexes This entails using a lot of anaesthetic, 
however, and if a separate drug is used for producing relaxation, only 
enough general depressant need be given to produce unconsciousness The 
central nervous system is aaordiogly much less disturbed This is generally 
regarded as being better for the patient, especially if be or she is elderly The 
use of a neuromuscular blocbng agent for producing relaxation was first 
described by Gnffith and fohnsoa {1942) and is now a standard procedure m 
anaesthesia 

Testing of Agodsts at the Nearomosctilar Junction 

Substances which act hke acetylchohne at the neuromuscular junction may 
produce either stimulation or block, depending on the concentration, on 
their ability to stimulate, and on their abihty to desensitize The most direct 
method of finding out how a particular drug is acting is to apply it electro 
phoretically at a single neuromuscular junction at which electneal events are 
recorded by electrodes msidc and outside the cell In practice, substances arc 
seldom tested in so fundamental a manner, and it is, anyway, difficult to 
obtain quantitative comparisons in such expenmen ts, because of the difficulty 
of estimating how much of the drug is released by the electrophoretic pulse 
To obtain estimates of acetylcholine like activity at the neuromuscular 
junction, drugs have been tested for their ability to cause a contracture of 
denervated voluntary muscle (Gasser and Dale, 1925, Simonart, 1932), but 
the value of the results must cleariy depend greatly on the closeness of the 
site of injection to the end plate (page 87) Expenments have also been 
made with normal muscle using dose mtra artcnal injections after the man- 
ner of Brown, Dale, and Feldberg (1936) In these the ability to cause a 
twitch may also be tested while the musde is being stimulated through the 
voluntary nerve at a steady rate (usually 6 shocks per minute) The rapid 
close mtra-artenal injection of the drug lakes the place of one of the stimuli 
This has the advantage that it reveals not only an acetylcholme-hke stimulant 
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action (a twitch), but also shows the possible effect of the injection of 
the drug on subsequent stimuli and should accordingly reveal blocking 
activity 

It IS blocking activity at the neuromuscular junction which may be of 
practical value, and many compounds have been tested only for this property 
(see below) on such preparations as the frog sciatic nerve gastrocnemius, or 
femoral nerve-sartorius, the rat phrenic nerve diaphragm, and the tibialis, 
soleus, quadriceps, or gracilis muscles of cats or rabbits stimulated through 
the appropriate nerve In all these tests the abiUty of a drug to cause a twitch 
may be overlooked Even if the route of injection is such that a twitch is 
produced, this will be superimposed on a record consisting of maximal 
twitches produced by stimulation of the nerve, and all that may be observed 
is a slight supra maximal contmction after the injection If the dose is such 
that a block is produced, this effect could easily be mistaken for an antag* 
omsm of acetylcholine (page 90) rather than an action like it 
It is possible to obtain some information about acetylchohne>hke activity 
at the neuromuscular junction quite simply by testing compounds on slow- 
contracting muscle fibres, such as those of the frog rectus abdominis (Langley, 
1907, 1913), leech muscle (Minz, 1932), or certain avian muscles These slow- 
contracting muscles are different from normal voluntary muscles m that they 
do not possess an organized end-plate and produce a slow contracture rather 
than a quick twitch when stimulated They are, however, striated, as distinct 
from smooth, fibres They also differ from normal voluntary muscles in that 
it IS difficult to desensitize them and consequently acetylchohne-hke activity 
IS indicated by contracture, not obscured by any desensitization block This 
contracture is associated with depolanzation of the cell membrane (Ginsborg, 
1960) If a compound produces contracture of such slow fibres it seems to be 
likely that it will act like acetylchohne at the normal neuromuscular junction, 
giving nse to end-plate potentials and, probably, to desensitization 
Buttle and Zaimis (1949) used whole chickens m a qualitative test to 
distinguish between acetylcholine like neuromuscular blocking agents and 
truly ‘curare like’ substances The former caused a spastic paralysis in which 
contracture of the muscles of the back of tbc neck pulled the head upwards 
and backwards, whereas the latter caused a ffaccid paralysis in which the 
head fell forwards and downwards Ginzel, Klupp, and Werner (1951) used 
the gastrocnemius of the pigeon for testing ability to cause contracture and 
Thesleff and Unna (1954) observed that, on the chicken gastrocnemius pre- 
paration, some neuromuscular blocking a^nts produced a contracture at the 
same time as reducing the size of the twitch response to stimulation of the 
nerve The semispmalis muscle in the back of the neck of the chick has been 
used for measuring ability to cause contracture (Child and Zaimis, I960), 
but of all preparations the isolated chick biventer cervicis (Ginsborg and 
Wamner, 1960) is probably the simplest and most convenient This is a 
mixed muscle containing both twitch and slow fibres and so can be used 
(like the chicken gastrocnemius) to observe the effects of a drug on both 
types of fibre at once Contracture is induatcd by movement of the base-lme 
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and block by a decrease m the size or the contractions produced by electrical 

stimulation of the voluntar nerve supply (Fig V 6) 



Fio v6 Chlek biventer eervleis preparation the twitch responses to elecirica 
stimulation are the downnard contractions from the base line {the position of the 
base line Is indicated by the horizontal arrows the portion of the trace abo\e it is 
caused by the action of the return spring on the lever) Deeamethomim was added at 
the arrow and produced a marked contracture, shown by the shift of the base-line, 
with little effect on the twitch response {Zoller, unpublished) 

Testing of Antagonists at the Neuromuscular Junction (i e. Neuromcscnlar 
Blocking Agents) 

Antagonistic activity is most fundamentally expressed by the antagonist 
constant Kb (page 43) The measurement of pAj, for example, is a simple 
way of determining this This is easy if the agonist can be applied m a con- 
trolled fashion, as is the situation when acetylcholine is added to an isolated 
muscle, such as the frog rectus, giving rise to a contracture To obtain twitch 
responses, however, the acetylchohne cannot be added in this way and must 
be applied at least close mtra artenally or elcctrophoretically at the end 
plate, and even then it is diHicuU to be sure what the concentration at the 
end plate really is In theory, nevertheless. As could be determined by 
measuring the concentration of antagonist which necessitated doubling the 
concentration of acetylcholine in order to obtain the same biological re- 
sponse as before the antagonist was added Difficulty also anses over what is 
taken as the biological response A twitch is an all or-none response, and in 
this kind of experiment it is much easier to work with a graded response 
{page 33) The end plate potential would be a more convenient measure, 
\ftfi Vfift vri\TJiet\Vdaii nJptdat/iA Ivtkisaia, 

has used the effect of the antagonist on the depolarization of the muscle 
membrane, recorded externally, and obtained values of Ab for (-b) tubo- 
curanne of 3 I X 10* on the frog rectus and 2 3 x 10* on the frog extensor 
longus digitorum IV muscle In general, however, the activity of antagonists 
at the neuromuscular junction has been assessed by methods which yield 
much less fundamental information, but which may give some indication of 
the possible value of the compounds as relaxants 
Preparations used for testing the actions of neuromuscular blocking 
agents can be divided into those m which the muscle is caused to contract by 
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electncal stimulation of the appropriate voluntary nerve, and those in which 
the stimulus is provided by the animal itself in response to its surroundings 
It IS further necessary to distinguish between isolated and intact preparations 

In all isolated preparations, e g the frog sartorius, the phrenic nerve- 
diaphragm preparation of the rat (Bulbnng, 1946), and other species (mouse, 
kitten, and guinea pig), and the chick biventer cervicis, the muscle is made 
to contract by electncal stimulation of the nerve Square-wave pulses of 
short duration are used to ensure single twitch responses from the muscle 
if the duration of the stimulus is longer than about 1msec multiple responses 
or tetanic contractions may be obtained The preparation is mounted in a 
bath to which the drug can be added (Fig 11 9, page 40) This technique can 
only be employed when the muscle is thin and the drug can diffuse easily to 
the end plate The frog gastrocnemius, for instance, is too thick to be mounted 
satisfactorily in this way Although the preparation can be kept alive for 
some time and appears to be physiologically sound, the rale of diffusion of 
drugs from the bath into the muscle (which will vary inversely as the square 
root of the molecular or lomc weight) affects estimates of neuromuscular 
blocking activity (Ing and Wright, 1931) Only when this preparation is per- 
fused and the drug added to the perfusion fluid are results obtained which are 
comparable with those found with the (thin) frog sartonus muscle, cither 
perfused or to a bath 

In most mammalian nerve-muscle preparations (except the rat diaphragm) 
the circulation of the animal is left intact The animal is anaesthetized (oAen 
the brain is destroyed) and the appropriate hmb fixed ngidly in a myograph 
stand The most common muscles which have been used are the tibiahs, 
soleus, gastrocnemius, quadriceps, and gracilis muscles of cats or rabbits 
stimulated through the appropriate nerve Before the drug is given, the elec- 
trical stimuli should give rise to contractions of almost identical height The 
effect of the neuromuscular blocking agent should be to cause a decrease m 
the height followed by a return to the onginal size as the effect of the drug 
wears off (Fig V 7) The site of injection of the drug may be very important 
If It IS injected into the femoral vein of the opposite leg it must pass through 
practically the whole circulation before the drug reaches the muscles from 
wfiicfi record's are being taken The amount of drug reaching the site of 
action will accordingly be much less than the amount injected, partly because 
the dose will have been greatly diluted and partly because it may have been 
appreciably destroyed by the liver or excreted by the kidneys If, on the other 
hand, the injection is made intra artcnally, close to the muscle being stimu 
lated, there will be httle opportunity for dilution or destruction and quite 
different results may be obtained 

To approach as nearly as possible to the climcal situation it is necessary to 
do away with the artificial electncal stimulation of the muscle In the method 
of Marshall (1916), drugs were injected into (lOgs and these were considered 
to be paralysed when they could no longer nght themselves when placed on 
their backs In the head drop test (Varney, Linegar, and Holaday, 1948), the 
drug is infused at a standard rate into the ear vein of a rabbit until it can no 
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longer hold Jts head up (this is quite a sharp end point) The infusion is then 
stopped, and the amount of drug administered is recorded Smith, Pclikan, 
Maramba, and Unna(I953) have described a test which is similar in pnnaplc, 
It depends on the abihty of mice to stay on a screen inclined at 60* to the 
horizontal Groups of mice are given a dose of the drug and the percentage 
paralysed is recorded The graph of the probit of this percentage against log 



P 10 V 7 Comparison of neuramuseular btoektng agents 

The eontraethns of the muscle, in response to stimulation of the nene ore 
recorded upvtards The Injection of a blocking agent causes a decrease in the size of 
this Iwitek, but this effect passes off as the drug is lost by dilution and excretion 
In on ideal experiment the dose, x Moles, of one drug produces exactly the same 
response as (he dose, y Mates, of the second Mate the evidence in this particular 
tracing that the compounds produce depolarization Uhe increased height of the 
eontraetion Immediately after the injection and the disturbance of the base line, 
indicating some contracture) 

dose IS taken to be Unear (page 38) Experiments of this type can be extended 
to human volunteers (Organe, Patoo and Zaimis, 1949) a dose is given which 
should produce relatively small effects, and the degree of paralysis of the 
muscles of the hand is used to assess the effects of the drug This can be 
expressed quantitatively as a percentage of the normal gnp-streogth, re- 
corded With a dynamometer or by compressing a bulb attached to a manometer 
(Mushm et al , 1949, Unna et al, 1950, Bodman, 1952) 

Information Obtainable from Tests 

The dcicrsusaJ.'ca cS Jbe svJaSsys pct'yjLvs ef daffesesd sisogs misg any sff 
these test preparations should be made by companng the amounts of the 
drags which produce comparable effects This term ‘effwts’ includes all the 
events followmg the administration of the drug until the preparation returns 
to normal In the bio assay of an unknown solution of tubocuranne against a 
standard sample, it is sufficient to compare the degrees of paralysis produced 
after any arbitrary time interval, but when two different drugs arc being 
studied it must be established that they can, in fact, produce identical 
action time curves (Fig V 7) The measurement of relative activity also 
depends upon the log dose-response cuiws for the compounds being parallel 
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Most of the preparations described above are capable of showing graded 
responses (the paralysis is not all-or'none) and can, therefore, be used 
rehably to assess relative activity or to estabhsh that a comparison of activity 
IS intrinsically impossible I-aidlaw (1913), for instance, showed that the 
activity of the optical isomers of canadine and tetrahydroberbenne metho- 
chlondes could be satisfactorily expressed m terms of potency ratios by 
comparmg the acUon-tirae curves produced by different doses of these 
compounds on the frog’s sciatic gastrocnemius preparation Isolated pre- 
parations, however, have not always been used m this way, compansons being 
made only after a particular time interval, and m the experiments with the 
righting reflex of frogs or in the head-drop test m rabbits the time factor is 
left out altogether 

The ‘head-drop dose’ in rabbits has been used extensively to compare the 
relative activities of drugs Because the injection is made intravenously it is 
reasonable to assume that differences m the rate of onset of paralysis are not 
hkely to be large enough to affect the results, unless the infusion is extremely 
slow and the drug exceedingly rapidly mctabolired The ‘head-drop dose’, 
however, yields no information about the duration of action of the com- 
pound, and consequently compansons of activity based on the ‘head-drop 
dose' may even be misleading, implying that a companson has been made 
where it is actually impossible to make one In experiments using the human 
gnp-strength, the effects of the drugs are observed over a period of time, and 
this test, therefore, is much more suitable for comparmg the relative activities 
of compounds, which can be done by comparing the amounts regmred to 
produce identical effects on the grip strength 

Whether the log dose-response curves are parallel or not may also depend 
upon whether the drugs being tested arc all acting m the same way, although, 
even if they are, it does not follow that the curves must be parallel, because 
differences m distribution and/or metabolism may result m their effects having 
a different time-course The sensitivity of different muscles to different drugs 
also vanes considerably and again this may depend upon their type of action 
In general, the vanation m sensitivity to competitive blocking agents, such 
as (-f-)-tubocuranne, is very much less than is the vanation m sensitivity to 
acefyfehofme-hke desensitizing bfockiog agents Faton and Zaimis (1949), 
for instance, showed that sensitivity to (4-)-tubocurarine decreases m the 
order 


rat > mouse > rabbit > cat, 


activity in cat 
activityln rat 


= 0 5, 


whereas sensitivity to Decaraethoniura, an acetylcholme-like desensitizing 
drug (page 109), decreased m the order. 

cat > man > rabbit > monk^ > mouse > rat, = 200 

Estimates of the potency of Decamethonium relative to that of (-{-)-tubo- 
curanne may vary by as much as a factor of 100, from about one-tenth as 
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active on rat muscle to about ten times as active on cat muscle different 
muscles from the same animal may also differ in sensitivity white muscles 
are less sensitive than red muscles to acetylcholine-lilce desensitizing drugs 
and become more insensitive when doses are repeated Comparisons of 
neuromuscular blocking activity based on results from a single type of test 
are, accordingly, not very informative It is important for practical reasons, 
as well as from mere scientific curiosity, to try to discover the type of action 
of any compound being tested 

Even if nothing is known about the action of the compound on the resting 
potential or end plate potential, it may still be possible to obtain some in- 
formation about the mode of action by less direct means If the compound 
causes contracture of slow fibres there is good ground for believing that 
block at the neuromuscular junction of twitch fibres will be brought about 
by an acetylcholine like dcsensitization There are many compounds, how- 
ever, for which estimates of neuromuscular blocking activity have been 
obtained, but even this test has not been done In some instances it has been 
observed that there arc twitches of the muscles immediately after the injec- 
tion of the drug and before the onset of block, this is fairly good evidence 
that the block is an acetylcholine like dcsensitization It does not follow that 
the failure to observe twiccbiag can be taken as proof that the action is 
competitive Sometimes the reversal of block by an inhibitor of acetylcho- 
linesterases (Chapter Vm) has been taken to indicate a competitive curare- 
like blocking action The anticholinesterase will allow the concentration of 
acetylcholine at the end plate to increase and accordingly more acetylcholme 
should complex with the receptors This reversal, particularly during the 
early stages of the action of the blocking drug is good evidence that the 
action IS curare-like, but it does not follow that the failure of an anti 
cholinesterase to reverse the blocking action of a drug means that its action 
is necessarily by desensitization Some neuromuscular blocking agents have 
appreciable anticholinesterase activity themselves la a similar way, the 
temporary increase in the acetylcholine concentration caused by a burst of 
rapid stimulation of the nerve should have the same effects on neuromuscular 
block as does an anticholmesterase The block produced by a competitive 
blocking agent is also relieved by an increase in the concentration of K* 
ions at the end plate, whereas the block produced by an acetylcholine like 
desensitizing drug is not 


AGONISTS 

Introduction 

In the following account of substances which act at the neuromuscular 
junction, consideration is first given to substances which act like acetylcholine 
This IS taken from two types of expenment, the first being tests on slow 
fibres (usually those of the frog r«ius) and the second being tests in which 
neuromuscular blocking activity has been measured and there is evidence (of 
varying degrees of reliability) that this indicates an acetylcholine like de- 
sensitization In the latter part of the Chapter consideration is given to 
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substances which antagonize the actions of acetylcholine at the neuro- 
muscular junction 

Compounds Closely Related to Acetylcholine 
Simple Onium Salts 

The effects of alkyltnmcthylaimnonium salts were studied qualitatively by 
Boehm (1908) and KUlz (1923) Ing and Wright (1931, 1933) compared the 
effects of equimolar solutions of these compounds on the frog rectus, but 
the first quantitative companson, on this preparation and on the leech 
muscle, was made by Raventos (1937) Although these results (Table V 1) 
were based on the value tetramethylammonium = 100, and not referred to 
acetylcholine =s 1, the contemporary experiments of Clark and Raventos 
(1937) show that approximately 100 times as much tetramethylammonium 
was required to produce the same effect as acetylcholine on this preparation, 
consequently the figures in Table V 1 can be taken as equipotent molar 


TABLE V 1 

Ability to Cause Contracture of Slow Fibres {Equipotent molar ratios) 




Frog rectus 

R 

m 


A and ds O 


100 

100 

400 

200 

-Et 

200 

400 1 

400 




600 1 

200 


-/iBu 

50 

25 ' 

25 

32 

-n Pent 

80 

100 

35 


-n Hex ' 

100 

200* 

100* 


-n Hept 

80 

100* 1 

250* 



* Partial agonist 

In the experiments of Raventos Me 4 bl was taken as standard (« 100) it appears that the 
equipotent molar ratio for this compound relative to acetylcholine on the frog rectus in 
these expenments was about 100 (Clark and Raventos 1937), so the figures in the table 
may be taken to mdicate the equipotent molar ratio 
R = Raventos {1937) A and de G~ Artens and de Croat {1954) A, S, and de G == 
Ariens, Simonb, and de Croat {1954) 

ratios relative to acetylcholine Included xn the Table are the more recent 
results of Anens, Simoms, and de Groot (1955) The value for n pentyltn- 
methylammomum vanes considerably Ing, Kordik, and Tudor Williams 
(1952) obtained a value of 13 on the frog rectus In the expenments of Ing 
and Wnght the responses of n-bu^tnmethylaramonium had a quicker rate 
of onset than those of the other alkyltnmethylammonium salts, and this 
difference m the rate of action mi^t account for some of the discrepancies 
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WiUcy (1955) obtained a value of 7 3 for n pentyltninetbylanunoniuni 
tested by close intra-arterial injection into the soleus or gastrocnemius 
muscles of the cat 

It appears, therefore, that activity is maximal in the n-butyl and n-pentyl 
members of this trimethylammonmm senes, and above this there is a transi- 
tion through partial agonists to antagonists 
Pbihppot and Schlag (195Q have tested the effects of these compounds on 
the demarcation (injury) potential of the cat’s gracilis muscle The results, 
which should indicate ability to depolarize the neuromuscular junction, 
show that activity is maximal in n pcntyltnmethylammonium n butyl- 
tnmethylammonium was less than half as active and n-hexyltnmethyl- 
ammomum less than one-sixth as active 
’The replacement of the methyl groups in telramcthylaramonium by ethyl 
groups leads to a decrease m ability to cause contracture Complete com- 
parative figures are not available, but tctraethylammonium is inactive on the 
frog rectus (Ing and Wnght, 1933), except possibly in concentrations greater 
than 1 mM (Van Rossum, 1958) Alkyltncthylammonium salts were also 
found to be only feebly active on the cat’s gracihs (Pbihppot and Schlag), but 
nevertheless n pentyltnethylammonium (in doses about 100 times those of 
n-pentyllrimethylammoDium) produced slightly more depolarization than 
the same dose of n-butyltnethylammomum or n hexyltnelhylammomum 
Ing and Wright (1933) showed that abihty to cause contracture is also 
reduced by replacement of part of the molecule by pyndme (as in pyndme 
metho- and etho salts), pipendme (as m dunethyl and diethyl pipendmium 
salts), qumohoe (as in qumohne metho and etho salts), and tetrahydro- 
qumoUne (as in dimethyl and metbyletbyl tetrahydroqumohmum salts) It 
is also reduced by increasing the size of the onium atom, letramethylphos- 
phonium is less active than tetramethylammonium but more active than 
tetraraethylarsonium TnmethylsuJphonjum is almost as active as tetra- 
methylammomura The ethyl analogues of all these compounds, however, 
do not cause a contracture of the frog rectus m concentrations up to lO"® M 
These substances which cause a contracture of slow fibres may also cause a 
block at the neuromuscularjunctionoftwitch fibres Tetramethylammonium, 
tetramcthylphosphonium, and tnmcthylsulphonium, for instance, all para- 
lyse the frog sartorius preparation, the time taken to produce complete block 
with I0"3 m solutions being 5 8, 17, and 16 minutes respectively (Ing and 
"Wnght, 1933) T^atthylaTfimoonita » mastwe, bMt blocking activity rt 
appears in tetra n-propylammtmium and tetra n butylammonium, the latter 
being almost as active as tetramethylammonium Likewise tetra n-butyl 
phosphomum is almost as active as tetramethylammonium and so is tetra n- 
propylarsomum (even though tetramcthylarsomum is only feebly active 
either as a blocker or m producing contracture) As these onium salts with 
large alkyl groups do not cause contracture, it seems that their blocking 
action is hkely to be a true antagonism of acetylcholmc and not an action 
Uke that of excess acetylcholine 
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Effects of Alteration of the Onium group m Acetylcholine 
The effects on artivity of altering the substituents on the onium group m 
acctylchohne, or the size of the central atom, are shown m Table V 2 
These greatly resemble the effects on activity of such changes m simple 
omum salts, discussed above The ability to cause contracture of the frog 
rectus seems to be hmited to those molecules in which the overall size of the 
omum group is small It is a pity that the tertiary and secondary bases 
analogous to acetylchohne do not seem to have been tested on a preparation 
of this type 

TABLE V2 

Contracture of the Frog Rectus 


Equipotent molar raUo 


' 


CHjCOOCHiCH*->JMej 

1 

“NMciEt 

5 

“NMeEli 

300 

-NEtj 

5000 

-PM«j 

6 

-SMe. 

15 
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Size of quaternary atom * 
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1 47 d ~ 24 

P 
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S 

1 82 7 
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1 98 3 23 A 


tVe!ehaJtdJto€pke(.I935) ffollanandIng{I949) trig Kordtk and Tbdor Williams {19S2) 
Effects of Altering the Acyl Group 

The relative acetylcholine-Iike activities of a number of esters of choUne are 
shown m Table V 3 Many aliphatic esters of choline are more active than 
acetylcholine itself, but aromatic esters arc generally much less active 
Some of the more active compounds can block transmission across the 
neuromuscular junction (Table V 4) This action might be directly related to 
their abihty to act hkc acetylcholine, but this does not seem to be absolutely 

p=pCH=CH— <0—0— CHjCHz— NMcj 
Murexine V 1 

true It has been shown that muremae (V I), for instance, depolanzes the 
neuromuscular junction of the cal’s gracilis muscle (Keyl and Whittaker, 
1958) and the frog’s extensor longus digitorum IV muscle (Quilham, 1957), 




Activity of Esters of Choline on the Frog Rectus Eqinpotent Molar Ratios 


O 

1- 1 t 1 1 1 1 Mini 1 t 1 1 II 

H 

1 - 1 Mill 1 1 1 1 1 1 .TO,, 1 1 1 

E and G 

1 

1 

5 

' 1,000 

25 

14 

10 

29 

12 

07 

HandW 

1 _ 1 1 1 " M 1 1 1 1 1 1 1 II 


1 _o 2 : 5 = 1 M ; 1 s 1 1 §g 1 II 

? 

1 _f = 2S 1 1 sg 1 M 1 M 1 1 1 1 II 


MS 5 1 M 1 1 1 1 1 1 1 1 1 1 1 II 

O 

u 

700 

1 

02 

10 

4 

8(7) 

55 

c 

J 

5 

S 

s 

=t| a 

==|t^ 1 

= p§ 88 p s § 

A lilt i| 3 iiil N 

III iMi 

iia55 55 sD 2 uassis iL/ W 






106 Introduction to Chemical Pharmacology 

but p*(a pyndyl) propionylcholme (V2) a much less active as a blocking 
agent than its high activity in producing contracture would lead one to 
expect Part of this difference might be ascnbable to different susceptibilities 
to hydrolysis by cholinesterase The compounds are all esters, and the 

0 - CHiCH^CO— O— CHjCHjNMe, 

duration of their neuromuscular blocking effects certainly depends upon their 
stabihty, particularly when exposed lo the chohnesterases present m plasma 
Holinstcdt and Whittaker (1958), for instance, found that the activity of their 
compounds was potentiated by escnac (ao antichohncstccase, page 259) It 
may also be noteworthy that the neuromuscular blocking activity of ^ 
(« pyndyl) propionylchohne is lowest in the rabbit head drop test, in which 
the drug is exposed to the plasma for a long tune before it reaches the 
muscles of the neck 


TABLE V4 

Meuromuscu/ar Blocking AciUlly of Esters of Choline Equlpotent Molar Ratios 
Jtefalbe to Murextne 



I Cat gastrocnemius 

Rabbit 












BaodO 

R- 




MesOCHCX) 

]i 


17 

MeCH=CHCO 

16 


— 

Eiai=CHCO 

19 


— 

p — i-cu,co 


16 

40 

— CH=CHCO (murexine) 

10 

10 

10 

— CfljCMiCO 

— 

0 30 

0-22 

— CHiCHtCHiCO 

— 

077 

0 61 

ciico 

- 

10 

0 91 

— CHtCHtCO 

- 

! 11 

>3 3 

Succinylcholine 

— 

020 

027 


Hand W •• Eolmstedt and Whittaker li95S) EandC = Erspamerand Cldsser (195S) 


It IS Still necessary to consider, however, whether the neuromuscular block 
produced by desensitization is directly related to ability to depolarize the 
end plate like acetylcholine and cause contracture Willey (1955) found that 
some of the substances which caused a twitch of the cat gastrocnemius and 
soleus muscle, when injected close intra aitenally, also reduced the size of 
subsequent responses of the muscle lo electrical stimulation of the nerve 
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This block only lasted for a very short time, but whereas the most active 
stimulant was propionylcholine (Table V 3), the most active blocker was 
wvalerylcholine Perhaps a measure of stability as well as ability to act like 
acetylcholine is necessary for the production of desensitization 


Effects of Altering the Choline Part of Acetylcholine 
(±)-Acetyl*a-methyIcholine (V 3) was found by Siraonart (1932) to be sbghtly 
less active than acetylcholine m producing a twitch of the cat’s denervated 


CHa-CO-O-CHR-CHR -NMes 
R=.H.R =Me.V3, 
R«Me.R «H,V4 


gastrocnemius muscle (equipotent molar ratio, 2) (±)-AcetyI-p-melhy]- 
choline (V 4), on the other hand, was much weaker (equipotent molar ratio, 
100) Wurzel (1959) obtained the ratio J80 on the frog rectus 
Acetylthiochohne (V 5), also, is Jess active than acetylcholine, Wurze! 


CHj-CO-S-CHjCH»NMej 

V5 

(1959) obtained a ratio of 20-40 on the frog rectus Acetyl-P-methylthio- 
cholme has been tested on a number of sites of the njcotine*hke actions of 
acetylcholine (page 151), but it does not appear to have been tested for its 
ability to act like acetylcholine at the neuromuscular junction Similarly, 
although the effects of altering the chain length in the cbohne part of acetyl- 
choline have been studied at gangha and at postgangbomc parasympathetic 
synapses (Chapters VI and VII), there is little information about how such 
changes affect activity at the neuromuscular junction The effects of altering 
the positions of the carbonyl and ether groups, however, have been studied 
systematically by log, Kordik, and Tudor Williams (1952) and by Willey 
(1955) and are shown m Table V 5 It seems that the carbonyl part of the 
ester group is much more important than the ether link, the ethers are, in 
general, rather feebly active The activities of substituted phenyl ethers of 
chobne, however, vary greatly with the substituent, whereas substituted 
phenyl esters of choline do not differ greatly in activity 


Kicoiinf jand Coneponods 

The action of nicotine (V 6) at the neuromuscular junction has already been 
mentioned m the classification of cholinergic synapses (Chapter III) Small 
amounts of nicotine cause a contracture of slow-fibres, 
such as the frog rectus or chick biventer cervicis, and a 
twitch of voluntary muscle, such as the cat gastrocnemius 
when injected close intra-artenally Values of the eqm- 
potent molar ratio relative to acetylchobne are 4 5-11 
(Ersparmer and Glasser 1960) for the frog rectus, and 24 
for the cat gastrocnemius (Willey, 1955) Larger doses 
cause a block at the neuromuscular junction and extremely high doses 
will block the contracture produced by acetylcholine Of the analogues 
of nicotine, pyndylmethyl and ethyldidkylamines and their metho salts 
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TABU V S 

Acimty of Compounds Related to Acelylcholme Ability to Cause Contracture 



Equipotent molar ratios relative to 
acetylcholine on 

Frog rectus 

Cal eastrocnermas 
(twitch) 

CHiClhCHsOCHsNMes 

27 

155 

CHK:H80CH'CH*NMes 

42 

_ 

CHjOCHsCHsCHtNMe, 

2i 

_ 

n DuOCHtCIIsNMea 

— 

415 

^^-oai,aijiaie, 

- 

150 


- 

1,000 

Bt 

— 

56 

CHjCH;CH»COCH»^M«j 

15J 

— 

CHiai-COCHiCHiNMe, 

13 

— 

C31aCOCH*CH*CH*NMe, 

1 1 

71 

CH»CHiCOCHMeCH,NMej 

700 


CHiaXHtCHi^Met 

07 


CHjCHiCH-CH-CHa^Me, 

13 

73 


Ing, Kordik, and Tudor tViHiamS (1952) milty U9SS) 


(V 7), studied by Barlow and Hamilton (1962), only p-pyndylethyltnmethyl- 
anunonium (V 8) was more active Iban njcotmc on the chick biventer 
(equipotent lomc ratio, 0 39) This compound bears an interesting resemblance 



(CHj),— NRi and — NRjM« 
B — Jot2 
NR, - NMe, 


and 

O 


V7 




OH 


Leptodactyhne, \3 


to Leptodactyline (V 9), a substance found by Erspamcr (1959) to occur in 
the skin of a lizard, and which causes contracture of the frog rectus and also 
block at the neuromuscular junction The equipotent molar ratio relative to 
acetylcholine is 0 1 1-O 14, but m the same experiments values of 0 9-1 5 were 
obtained for murexine and 4 5-H for nicolmc These are rather different 
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from those obtained in other expenments (Table V 3) m which murexme 
appeared to be less active (equipotent molar ratio, 7-10) The blocking 
activity of leptodactylme, estimated by comparing doses producing roughly 
comparable effects on the cat gastrocnemius, appears to be about twice that 
of murexme 

Various substituted derivatives of leptodactylme have been prepared and 
studied by Glasscr and Pasmi (1960) Ability to cause contracture of the frog 
rectus IS greatly reduced by replacement of the 3 hydroxyl group by a 2- or 
4-hydroxyl group, or by a 3-mcthyl, 3-methoxyI, or 3-chloro group The 
3 4-dihydroxy compound (V 10) is also less active than leptodactylme 
(equipotent molar ratio, 5) A hydroxyl group placed p- to the onium group 
(V 11) reduces activity very greatly (ratio 200), but the p-keto compound, 
m-hydroxyphenacyltrimethylammonium, (V 12) is not so feeble (ratio, 9) 


CHiCHiNMcj C— CHjN 

HQ 

VIO 

1:— CHiNMe, 


.NMe, 


Decametbooium and other decametbylenc bis-ooium salts 
The knowledge that simple mono-onium salts were neuromuscular blocking 
agents and that (-f-) tubocurarme, a potent blocking agent (see below), was 
a bis-onium salt (King, 1935, 1936), stimulated interest m bis onium salts 
and led to the discovery of high blocking activity m the substance Decame- 
thonium (VI3, Barlow and Ing, 1948, Paton and Zairais, 1948, 1949, 
Castillo, Phillips, and De Beer, 1949, this substance was hrst prepared by 

R,N-{CHs)„'-NR, 

RjN = Mc,N, Decamelhomuni, V 13, 

« MCjEtN, V 14, 

•= McEtjN, V IS, 

= EIiT, V16 

Von Braun, 1912) The action of this compound, however, is not like that of 
(+) tubocuranne The substance acts like acetylcholine m producing con- 
tracture of the frog rectus (Paton and Zaimis, 1949) or the chick biventer 
(Gmsborg and Warnner, 1960), it depolarizes the end plate of the cat's 
gracilis muscle (Burns and Paton, 1951) and desensitizes the end plate of the 
tenuissimus muscle of the cat to acetylcholine applied electrophoretically 
(Thesleff, 1958) 

Ability to cause contracture of the frog rectus depends upon chain length 
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and IS not actually maximal m Dccamethooium (Table V 6) Replacement of 
the methyl groups attached to the quaternary nitrogen atom by ethyl groups 
leads to a marked decrease m activity on the frog rectus and also in ability to 
depolarize the frog sartorius (Ancns and Dc Groot, 1954, Thesleff, 1955) 
The decrease is particularly marked in going from the Air-ethyldimcthyl 
compound (V 14), in which one pair of methyl groups has been exchanged, 
to the Aif-methyidietbyl compovnA (V 15), in which only one pair is left 
For the production of contracture of the chick biventer, the equipotent 
molar ratios relative to Decamethomum were 3 2, 28, and 350 for the com* 
pounds V 14, V 15, and V 16, respectively (Barlow and ZoUer, 1962) Neuro- 
muscular blocking activity (Table V 7), however, which decreased markedly 
when one pair of methyl groups nas replaced by ethyl groups, increased with 
further ethylation (Barlow, Roberts, and Reid, 1953, Thesleff and Unna, 
1954) On the rabbit quadriceps the equipotent molar ratios for blockmg 
activity relative to Decamethomum were 15 for the hir-ethyldimethylam- 
monium compound, iQ for the bis methyldiethyl, and 4 for the bis tnethyl 
(V16) 

Replacement of quaternary ammonium by quaternary phosphonium also 
decreased activity Ginzel, Klupp, Kraupp, and Werner (1953) found that 
decamethylene bis tnmetbylphosphonium actually antagonized the action of 
acetylcholine on the frog rectus The equipotent molar ratio relative to 
Decamethomum for blocking activity on the cat gastrocnemius was 5 
Decamethylene hu-dimethylsulphomum (V 17) was even less active Walker 

Me,S-(CH,)„-SMe, 

VI7 

(1950) obtained an equipotent mobr ratio relative to Decamethomum m the 
bead drop test of 15 Both the phosphonium and sulphomum analogues of 
Decamethomum, hke the ethyl analogues (V IS and 16), should really be 
considered as antagonists of acctyicbolme 

The replacement of one quaternary ammomum group m Decamethomum 
by a primary ammo group also reduces activity «*AmmoundccyltruiiethyI* 
ammomum (VI8), i\hich will be a hiromum salt with the ammo group 

Mc3N-(CH,)„-NH, 

V18 

ionized at physiological pH, had an equipotent molar ratio relative to 
acetylcholine, on the frog rectus treated with eserme, of 56 (Barlow, Blaschko, 
Himms, and Trendelenburg 1955) It was about as active as Decamethomum 
when tested for blocking properties on the rat diaphragm, but much less 
active on the cat gastrocnemius The decamethylene compound was more 
active than the undeca- or dodeca methylene, and the equipotent molar ratio 
was of the order of 10 relative to Decamethomum, although the shorter time 
course of the block produced by the compound with the primary ammo 
group made comparison difhcuU The block was preceded by an mcrcase m 
the size of the twitch response and was therefore considered fo be an ecetyl- 



TABLE V6 

Activity of bis onium Salts on the Frog Jtectus Eqmpotent Molar Ratios 
Relative to Acetylcholine 
MesN-<CHi),-NMc, 

$ 7 8 9 10 11 12 18 

raf»o« 5900* 420 78 15 7-4 55 50 320 

• Partial agonist and antagonized acetykholine Decamethomura is the compound where 

rt=»]0 

Paton and Zalmis {1949) 

Me8NCHjCHiK>--CO--(CH»)«-CO-0--CHtCHjNMe, 
n» 1 2 3 458 

ration — 70 084 021 021 011 
(20) (3 6) 

Suxamethonium is the compound where n = 2 
Bovet Bovet Null Cuarino Longo and Marotta (J949) (he values m parentheses were 
obtained by Ariens and Van Possum {1957) 

Me Me 

U 4 

CHiCOK>-CHiCH*N-^CH*)--NCH»CH»--0-CO-CH* 

Me Me 

n - 9 10 II 12 

ratio » 4 300 13 160 140 
Bartow {mS) 

MeiNCH:CHi-0-CO-NH-(CHi),-NH-CO-0-CHjCHiNMej 
n - 0 4 6 8 10 

ratio- 2 3 6 0 0 72 0 55 0 13 
Carbolonium is the compound with n — 6 

Klupp Kraupp Stormann andStumpf{t95S) ErspamerandClSsstr{t957)o\i\a.xatAnX\o% 
of 8 9 for muiexine 2 8 to 3 2 for Suxamelhooium and 8 8 for Decamethonium 


R3N--(CHt)jo-NRj 

Equipoieot mobr Intrinsic 

ratio relative to activity 

Rs = acetylcholine (page 7) 

Mes 36 0 8 

MesEt 72 0 3 

MeECs inactive — 

Ariens and De Croat {1954) 


RjNCHiCHr-<>-C0HCH»)»-<0--0--CHtCH*NR* 


« = 2 R,= 

Me* (Suxamethonium) 20* 1 

MeiEt 84 0 9 

MeEtj 190(1 100*) 0 05 

n = 4 Mej 3-6(2*) 1 

MesEt 3 8 0 9 

MeEti 430 0 4 


The figures marked with an asterisk were obtained by Ariens and De Groot {1954) the 
remammg figures in this section of the table were obtained by Ariens and Van Rossum 
(1954) who used Suxamethonium as standard and have been calculated on the assumption 
that the value for Suxamethomum is 20 as was found by ArlSns and De Groot 
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cholmc-like desensitization It appears, therefore, that although increase in 
the size of the onmm group, as m the phosphonium or sulphonium analogues, 
destroys acctylcholme-like activity, the replacement of one quaternary 
ammonium group by a primary amino group merely reduces it to something 
comparable with that of a mono-onium salt (Table V.I) 

The replacement of one pair of methyl groups in Decamethomum by an 
ammo group, as in dccamethylene iw-NN dimelhylhydrazinium CV.I9), also 


NH, NHt 

Me Me 

V19 


leads to a marked decline in activity Schueler and Hanna (1952) give a 
figure for the head-drop dose in rabbits which indicates an equipotent molar 
ratio relative to Decamethomum of somewhere around 30 
It seems to be very dilBcuU to alter the structure of Decamethomum with- 
out seriously reducing its acetylcholine-like properties A polymenc form of 
Decamethomum (V 20, n approximately = 37), which might be expected to 


^M« — I Me 

—I, Me 

v:» 

act like Decamethomum itself, was tested on the sciatic gastrocnemius of the 
chick by Schueler and Keaslmg (1956) It was less active (equipotent molar 
ratio relative to Decamethomum, 4), although its eSects were long lasting, 
and It did not cause contracture A number of /nr-omum salts, tested by 
Kensler, Zirkle, Matallana, and Condouns (1934), were also not very 
active Even the cyclic compound. C}clometlwne (V 21), which possesses the 


Me,N-CH HC— NMc, V-{CH,),o-N 

L-/ ^Me Me ' — • 

Cyelomethone, \2\ \21 

bis tnmethylammonium groups of Decamethomum, appears to be pre- 
dominantly curare-Iike, being reversed by Neostigmine (Kerp, 1957, Votava 
and Metysova, 1959) It was sbghtly more active than (-(-) tubocuranne- 
chloride m the rabbit head drop test 

Dccamethylene 6&-N mcthylpyrroUdraium (V 22), however, in which two 
pairs of methyl groups in Decamethomum are replaced by pyrrolidine rings, 
does cause contracture of the frog mitus although it is not particularly 
potent the equipotent molar ratio relative to acetylcholine appears to be 
greater than 40 (Mason and Wien, 1955) On the cat gastrocnemius it is 
thought to block by an action like Decamethomum and is about as active as 
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(+)-tubocuranne ’chloride so the equipotent molar ratio relative to Deca- 
methomum should be of the order of 10 


Me,N' 


(CHjls— NMe, 


Analogues in Which the Chain is Altered 

Part of the polymcthylene chain m Decamethonium may be replaced by a 
p hnked benzene ring Wien and Mason (1953) found neuromuscular block- 
ing activity in this type of compound to be maximal in p>phenylhexamethylene 
bis-trimethylammonium (V 23) which was about as active as (+) tubo- 
curanne chloride on the cat gastrocnemius 
preparation, and therefore presumably has an 
equipotent molar ratio relative to Decame- 
thomum of about 10 The substance caused _ 

contracture of the frog rectus and the block 

was unaffected by esenne The analogous fcM-triethylammomura compound 
had similar neuromuscutar blocking activity, but did not cause contracture, 
and the effects were reversed by esenne The activity of Decamethonium is 
reduced to about the same extent by the introduction of tnple bonds in the 
2-3 and 8 9 positions (V 24, Marszak, Jacob, and Cnermont, 1952) 

Me,N-CH,<^-(CH,)4'C:^C-CHjNMe, 

VJ4 


The replacement of part of the chain by a saturated nng seems to conserve 
the activity of Decamethonium better than replacement by an unsaturated 
nng Randall (1952) has described the high neuromuscular blocking activity 
of hexafnethylene-^4r4-(N-djmetbyl)p»pendinium (V2^ On the cat tibialis 






preparation this was eight times as active as (4-)-tubocuranne chloride, in 
the rabbit head-drop test it was half as active, and m the mouse inclined 
screen test it was one-cighth, its effects were not antagonized by Edrophonium 
(an antichoDnestcrase, see page 263) These resufts 
indicate an action like Decamethonium and an 
equipotent molar ratio of about 1 When one methyl 
group at each end of the molecule was replaced by 
p nitrobenzyl, the compounds were antagonized by 
Edrophonium and appeared to be curare-like Randall 
thought that this change in activity might be related 
to the introduction of the p nitrobenzyl group into 
the moiecule and studied the effects of similar sub- 
stitution into Decamethonium The most active 
member of this series of polymcthylene bis p mtrobenzyldimethylammonium 
salts was actually the nonamethylcne compound (V 26) (equipotent molar 
ratio relative to Decamethomum approximately 8 on the cat tibiahs), but the 



V26 



114 Introduction to Chemical Pharmacology 

effects were reversed by Edrophomim It may be questioned whether the 
change m the character of the block really depends on the introduction of the 
/vnitrobenzyl group or on the removal of one of the methyl groups attached 
to the onium atom 

Compounds in which one of the methylene groups of Decamethomum is 
replaced by an ether oxygen atom (V 27) were studied by Levis, Preat, and 

Me,N-(CH^,-0-(CHt)„-NMe, 

V^7. 

« = m 5, Drevatoml, V.2S, 

n « 4, m - 5, 

Dauby (1953) In this senes activity was maximal when « = 5 (V 28 Dre\a’ 
tonal) The block produced by this compound was relatively short lasting, 
and the equipotent molar ratio relative to Decamethomum was 1 5 on the 
rabbit gastrocnemius and 5 m the rabbit head drop test This compound 
caused contracture of the frog rectus preparation, unlike its bis tnethyl 
analogue The equipotent molar ratio for the compound (V29) with the 
same cham length as Decamethomum was 3 to 16 on the cat gastrocnemius 
(Marszak, Jacob, and Guermont. 1953} 

The much longer compound, Presional (V 30), is of interest because it 



nPr nPr 

Presional, VJO 

appears to block by desensiUzatioo (Frey, 1956, Baker, Foldes, Birch and 
D Souza, 1956) The equipotent molar ratio compared with succinylcholine 
(see below) m man is I 4 (Frey, I95Q, which suggests aratio to Decamethomum 
of 5 to 10 Lengtbemng the chain in the Decamethomum molecule appears 
either to decrease acetylcholme-likc blocking activity or to increase curare 
like activity, the tndecamcthylcoe compound (V 31) for example, appears to 

Mc,N-(CHj)„-NMe, 

VJI 

act in some way by both mechamsms produang what has been called a 
‘mixed block’ (lewell and 21aimis 1954) Further, one of the methyl groups 
in each of the onium ends is, in Presional replaced by a larger group (prop 
oxycarbonylmethyl) For these two reasons therefore, it is surpnsmg that 
Presional should block to any extent by an acetylchohne hke desensiiization 
Derivatives in which the link is through a sulphur atom, 5 thianonane and 
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5 tbiaundecane bis tnmethylammonium salts (V 32) have been prepared by 
Andrews, Bergel, and Momson (1953), and appear to produce neuromuscular 

MCjN-CCHO^-S-CCHO^-NMes 
n = 4aiul5,V32 

block by an action similar to that of Decamethonmm The dithia com- 
pound, 5 6-dithiadecamethylenc bis tnmethylammonium (V 33), produces 

Me3N-(CH|)rS-S'(CH0rNMe, 

V33 

elfects which are quantitatively and qualitatively very similar to those pro- 
duced by Decamethonium (Hunter, 1953) 

Compounds contaimng more than one ether link m the decamethylene 
chain are not particularly active (Levis, Preat, and Dauby, 1953), although 

MeaN-(CHj),-S-(CHi)4-S-(CH*)jNMe, 

V34 

3 8-dithiadecamethyIene bis tnmethylammomum (V 34) was almost as 
active as Decamethonium in mice (equipotent molar ratio, 1 3 , Taylor, 1 952) 

TABLE V7 

Keuromuscutar JHoekmg Activity 
Me»N-(CH»)«-NMe, 

R- 7 8 9 10 11 12 

Equipment molar ratio relatis-e to Decamethonium 
(cat Ubialia) 100 55 12 1 0 20 51 

Paton and Zatmls (/949) 

htejNCHjCH— O-OC-(CH*)»-C0-O-CHjCHjNMej 

fl- 0 1 2 3 4 5 8 

Equipotent molar ratio relative to Suaamethomum 
(rabbit head-drop) 370 10 10 25 2 5 15 25 

Bavet, Bover Niift, Cuarlno, Longa, and Fusco {1951) 

Mc3NCH*CHr<>--0C-NH-(CH*).-NH-<X)-0-<:HjCIf*NMe» 

r=0123456 7 8 10 

Equipotent molar ratio relative to 
Carbolonlum 

frabbit head-drop) 100 20 54 24 91 42 10 085 — 25 

CheymoJ etzl (I9S4} 

(cat gastrocnemius) — — 74 — 10 — 1419 

Xliffp, Kraupp, Sformamt, and Slump/ {1954} 

Bts-onium Salts Which Are Esters 

The replacement of part of the decamethylene chain by an ester group does 
not seem to be detnmental to activity The compound (V 35) analogous 

Me,N-CH,CH*-O~C-(CH0s-NMe, 


V35 
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to Nonamethomum has a head-drop dose in the rabbit about twice that of 
Decamethonium (Bovet, Bovet Nitti, Guarino, Long, and Fusco, 1951) 
Compounds containing more than one ester group are particularly inter- 
esting The compound of greatest jotercst as a blocking agent is succinyl- 
choline (Suxamethonium. V 36, Table V 7, Bovet et al , 1949, Phillips, 1949 , 


u 


Me3N-CH,CH,-0-C-(CHJ,-C-0-CHjCH,NMc, 

Suxamelhonlam, V 36 

Walker, 1950) This substance was actually described by Hunt and Tavcau 
(1906), but was unfortunately tested in a ‘curanzed* ammal and its neuro- 
muscular blocking activity went unnoticed for over 40 > ears This compound 
js more active than Decamethonium when tested on the frog rectus but is, m 
Its turn, less active than the higher members of the senes (Table V 6) The 
neuromuscular blocking effects of succinylcholine m intact animals are very 
short lived because the compound is rapidly hydrolysed by the cholinesterases 
of plasma (Chapter VIIT) to the much less active half ester (V 37) It is a 
most useful clinical tool 


H,CH,-0 I-< 


The effects of substitution in the omum groups of this molecule are very 
similar to those in Decamethonium The replacement of one methyl group by 
ethyl m each onium group lowers activity slightly, but replacement of a second 
pair lowers it markedly (AnSns and van Rossum, 1957) The sulphomum 
analogue of succinylcholine, however, causes contracture of the frog 
rectus (the equipotent molar ratio relative to acetylcholine appears to be 
about 200) The head drop dose in the rabbit is about ten times that of suc- 
cmyl cholme When injected mtra arterially close to the tibiahs muscle of 
the cat it causes contracture, and its subsequent blocbng action can be 
reversed by a suitable dose of (-l-)-tubocuranne chloride (Della Bella, 
ViUani, and Zuanaza, 1956) 

Similar esters of choline with polymcthylene iu-carbamic acids (V 38) 
O O 

VJ8 


have been studied by Klupp, Kraupp, Slormann, and Stumpf (1954) and 
Cheymol, Delaby, Chabner, Najer, and Bounllet (1954) Both acetylcholinc- 
Iike and neuromuscular blocking activity here appears to be associated with 
a much longer chain length between the onium groups, but neuromuscular 
blocbng activity reaches a maximum in the heptamethylene b!s carbamyl 
ester, whereas activity in the frog rectus is greatest in the decamethylene 
iij-carbamyl ester, the highest member of the senes to be studied These 
compounds possess appreciable antidiolinesterase activity 
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When two acetylcholine molecules are attached by a chain through their 
onium groups, as in polymethylene bis acetoxyethyl dimethylammonium 
salts (V 39), the activity on the frog rectus is more sharply sensitive to altera 
tions m chain length The decamethylene compound (equipotent molar ratio 
relative to acetylcholine, 13) is 100 times as active as the nonamethylene 
compound and ten times as active as the undecamethylene and dodeca- 
methylene compounds Table V 6 (Barlow, 1955) Its blocking properties have 
not been studied to any extent 


O Me Me O 

CHj-0-CH,CHrl|-(CHi),-Jt' CHsCHj-O 

Me Lie 


Value of Information Obtained From the Experiments With the Frog Rectus 
The aim of this section is to review what is known about the relationships 
between structure and ability to act like acetylcholine at the neuromuscular 
junction In default of detailed information about the ability of compounds 
to produce electneal changes at the end plate similar to those produced by 
awtylcholine, it is necessary to fall back on some more simply observed 
action, such as the production of contracture of slow fibres The value of 
results obtained with the frog rectus, however, is clearly limited Estimates 
of equipotent molar ratios vary very greatly, apparently by as much as a 
factor of 10 This could be attributed to the di^erent amounts of cholinesterase 
present m different preparations and to destruction of some drugs, but not 
others, by this enzyme If all the expenments were performed in the presence 
of an anticholinesterase, or with referena to a standard not destroyed by 
cholinesterase (such as tetrametbylammomum) more consistent figures 
might be obtained Within any one set of experiments however, the condi- 
tions are not so likely to fluctuate greatly, and the results may give some 
indication of how activity vanes with structure within a series Of the com- 
pounds discussed, the most active seem to be propionyl and valeryl choline, 
dihydromurexine and p («-pyndyl) propionylcholine (V 2), the very long 
compounds sebacylcholme and decamethylene bis carbaraylcholine and 
possibly leptodactylme 

Relationships Between Structure and Ability to Cause Contracture of Slow 
Fibres 

In view of the classification of both the neuromuscular junction and autonomic 
ganglia as sites of the nicotine like actions of acetylcholine, it seems reasonable 
to expect that the relationships between structure and activity at the two sites 
may, in general, be somewhat similar Hey (1952) suggested that nicotine like 
stimulant activity in ganglia is associated with the presence in a molecule of a 
cationic head and a partial positive char^ about the same distance away 
from It as is the ether oxygen in acetylcholine (Chapter VI) It seems possible 
that these ideas can be extended to the neuromuscular junction 
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The importance of the cationic head for activity in causing contracture and 
the decrease m activity with increasing sac of the head are seen in Table V 2 
Ing (1949) suggested that the results were compatible with the binding of the 
onjum group at a surface, two such possibihlics arc illustrated in Fig V 8 
This IS consistent with the observation that replacement of one methyl group 
in the head by the larger ethyl group lowers activity slightly, presumably 
because the omum group can now fit only m one way, with the ethyl group 
away from the receptor surface Replacement of two methyl groups by ethyl, 
however, should greatly reduce the ability to fit the receptor and virtually 
destroys activity This interpretation, however, is open to cnticism because 
of the findings of Barlow, Scott and Stephenson (1963) 



PIO v8 Adiorptien of acetylcholine A At a hemispherical cavity B At a planar 

surface 

The activity of acetyl « methyicbolme (equipotent molar ratio, 2) suggests 
that the a methyl group spoils the fit of the molecules to the receptor but that, 
like the ethyldimethyl ammonium compounds, it can still combine with the 
receptor by a suitable rotation of the C — C or C — N bonds in the chohne 
residue Substitution of a methyl group on the p-carbon atom, however, is 
highly detrimental to activity This substitution is unlUcely to affect the 
attachment of the omum group, and the effect on activity is greater than 
would be expected if the effect were simply on the attachment of the chohne 
part of the molecule The results strongly suggest that this p methyl group 
interferes drastically with the attachment of the molecule at some nearby 
point, possibly at the seat of the partial positive charge postulated by Hey 
(1952) It could do this either by stenc interference or by its electronic effects 
in reducing the size of the partial positive charge 

In acetylcholine the most likely atom in this region to possess a positive 
charge of any magnitude is the carbonyl carbon atom If the effect of the 
p-methyl group were exclusively electronic, it might be expected that addition 
of a methyl group to the acetyl portion should be even more effective In fact, 
propionylchohne has the same order of activity as acetylcholine, so it must 
be concluded that the effect of the p methyl group is stenc rather than 
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electronic Possibly it restncts access to the carbonyl carbon atom of the 
ester link 

The importance of the carbonyl group in acetylcholine is clearly shown by 
comparing the high activity of ketones, such as 3- and 4-kcto n*pentyltn- 
methylammonmm and 3 keto n butyltnmethylammonium, with the feeble 
activity of the analogous ethers Only in phenylethers of choline, m which the 
ether oxygen atom may have a considerable positive charge, is there much 
activity on the frog rectus (e g the m bromophenyl but not, surprisingly, 
the p chlorophenyi ether) The relationships between the structure and 
activity of the ketones can be explained if it is assumed that there are two 
factors involved the partial positive charge must be suitably placed some- 
where around the 3- or 4-positions relative to the onium group, and secondly, 
the activation of the carbonyl group roust be appropriate The ethyl ketones 
might be less active than the methyl ketones because of the greater inductive 
effect of the ethyl group de activating the carbonyl group (the difference 
between the inductive effects of ethyl and n propyl is less than that between 
methyl and ethyl) 

The activity of the simple aliphatic esters of choline appears to contradict 
these ideas because the propionyl and butyryl esters are more active than 
acetylcholine on the frog rectus When tested in the presence of cserine, 
however, propionylcholme is less active than acetylcholine, and it seems that 
the apparently greater activity on the frog rectus should be ascribed only to 
greater stability 

High activity on the frog rectus is shown by dimethylacryloylcholme, 
murexme, and * pyndylacryloylcholme (Table V 3) but whereas the activity 
of the two latter is increased by reduction, that of the former is slightly de- 
creased Matters are again complicated by the relative stabihty or instability 
of the compounds, but the high activity of the saturated compounds suggests 
that the electronic effects of the nng on the carbonyl carbon atom of the 
ester group are not important Hydrogenation of the double bond destroys 
the conjugation between the ring and the carbonyl group The nng itself must 
nevertheless be important, and it is conceivable that there is an interaction 
between partially charged atoms in either the iminazole or pyndine nngs and 
partially charged groups on the receptor The double bond in dimethyl 
acryloylcholme is also polarized and might contnbute to the stability of the 
complex with the receptor, this would largely be destroyed by reduction of 
the double bond 

The high activity of the very long bis compounds is remarkable, but m 
both senes, the choline esters of polymethylene dicarboxylic acids and those 
of polymethylene bis carbamic acids, activity increases only gradually with 
chain length This suggests that each additional methylene group contributes a 
small increment to the adsorbability through van der Waal s forces (cf page 
21 1), the total contnbution from a large number of these being very consider- 
able The function of the second onium group, then, would be to limit 
properties such as surface activity rather than to serve as an additional point 
of attachment 
E 
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In nicotine itself three parts of the molecule appear to be important, be- 
cause the natural (— ) isomer, which has the S-configuration (Hudson and 
Neuberger, 1950), appears to be more active than the (-f) isomer (review by 
Barlow, 1964) From the lugh activity ofeompounds related to nicotine which 
are not optically active, however, it seems likely that this third group, addi- 
tional to the catiomchead and the pyndine ring, does not so much endow ike 
(— ) isomer wlh high activity as destroy activity in the (-f ) isomer, possibly 
by reducing its aflimty for the receptors 

TABLE V8 


Comparison of the Aetnity of Some Neuromuscular Blocking Agents 



The equipoCent molar ratio is calculated relative to Dccamsthonium from • Robson 
and Keete {195S) T Erspamer and Glosser {1957) } Brucke and Reis {1954) 


In this discussion it has not been possible to separate the effects of chemical 
structure on af5nity from effects on efficacy There is no reason to suppose 
that increased affinity must neccssanly lead to increased activity Further, 
It IS by no means clear how far ability to act like acetylcholine m causing 
contracture is related to ability to block transmission by acting like an excess 
of acetylcholine It might be argued, by comparing the activity of the dicarb- 
oxyhe esters of choline on the frog rectus and in the rabbit head-diop tests, 
that there was no connexion between the two, because Suxamethonium was 
the most active m the latter and relatively inactive in the former The rate of 
hydrolysis of the esters by the cbolmesterases present m serum, however, 
increases with chain length (BovetNitti, 1949), and it is possible that the 
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lower activity of the long-chain compounds in the head-drop test may be due 
to their low stability m the animal In the polymethylene bis carbamylcholme 
senes, activity in both the tests increases with chain length , these compounds 
are actually inhibitors of cholinesterases While, in general, the ability to 
cause contracture and the ability to cause a block by descnsitization appear 
to be associated, it cannot be definitely asserted that the ability to desensitize 
IS directly related to the ability to depolanze Some substances (e g Decame- 
thonium) certainly appear to have greater desensitizing activity than would be 
expected from their ability to cause contracture and contrariwise the ability 
of acetylcholine to desensitize is less than would be expected from its ability 
to depolarize, perhaps because of the limits to its effects imposed by cholin- 
esterase Thus depolarization and contracture may depend upon adsorption 
and the production of ‘stimulus’, but dcsensitization may be related to slow- 
ness in desorption and persistence at the receptor (see page 17) It is certainly 
noticeable that the contracture produced by compounds like Decamethonium 
on the frog rectus has a different time course from that produced by acetyl- 
choline, it IS much slower in onset and takesalongertimetoreachamaximum 
The relative neuromuscular blocking activity of a number of agents in man is 
shown m Table V 8 


ANTAGONISTS 

Compounds Related to Tubocurarine 

The chemistry of the alkaloids of tube curare has been worked out m some 
detail The first of these to be obtained pure was (-i-)-tubocuranae chloride 
(King, 1935) In the early clinical use of neuromuscular blocking agents crude 
extracts of curare alkaloids were employed These were standardized by 
bioassay (see, for instance, the Bntish Pharma- 
copoeia for 1953), (-f-)-tubocurarmc chlonde being 
a suitable standard for companson As the pure 
alkaloid has become more available, and synthetic 
substitutes have been developed, the use of crude 
extracts has ceased 

King (1935, 1936) showed that (-1-) tubocuranne 
chlonde was a bw-tctrahydrotroqumoline denva- 
tive, containing two quaternary lutrogen atoms 
and two free phenolic groups, and eventually estab- 
lished the position of the latter and the structural 
formula (V 40, King, 1948) 

The chemistry of compounds related to tubo- 
curarme is reviewed by Winterstemer (1959) 
and the alkaloid has been synthesized by 
Voronm, Tolkachev, and Preobrazhenskii (1958) 

There are two asymmetric centres and all the four isomers, (-b)- and (-)- 
tubocurarine and (-}-)- and (— )-N-dimethylcunne are known (cunne is also 
referred to as bebeerine or chondodendnne) The isomer chondocuranne 
differs only in the relative position of a phenolic and a methoxyl group 



OMe 


R « Me, R' « H. Tubo- 
curanne, V 40, 
«H,R «Me Chon 
docuranne V 41 



124 Introduction to Chemical Pharmacology 

ability of the compound to antagonize the contracture of the frog rectus 
produced by acetylcholine The pK« values were 8 1 and 9 I, and Kalow 
concluded that the former was for the ionization of the simple phenolic group 
and the latter for the ionization of the hydroxyl group m the 7 position of 
the tetrahydroijoquinoline ring At pH 7 4, 82 per cent of the (4-) tubo- 
curanne is present as the simple bis omum salt, but 16 per cent has a disso* 
ciated phenolic group, li per cent has a dissociated 7-hydroxyl group, and 
there are even traces of the fru-onium salt with both hydroxyl groups ionized 
These hydroxyl groups should be more ionized in alkahne solutions and less 
lomzed in acid solutions, so it should be possible to deduce, from the effects 
of pH on activity, which is the active species It is not sufficient simply to 
measure the absolute activity of (-h)-lubocuranne at different values of pH 
because the change in pH may itself alter the sensitivity of the tissue Kalow 
measured the activity of (4-) tubocuranne relative to that of the dunethyl 
ether, the ionization of which will be unaffected by changes of pH On the 
frog rectus, in contrast to the rabbit head drop test, the dimethyl ether is not 
greatly different m activity from ( 4 -) tubocuranne itself At pH 6 7 it was 
actually less active (equipotent molar ratio, 1 5-2}, but at pH 8 7 it was much 
more active (ratio 0 25-0 5) The relative activity of (4-)-tubocuranne 
decreases with increasing ionization of the hydroxyl groups, and the results 
are consistent with the idea that it is the simple bis oiuum salt with undis 
sociated hydroxyl groups which is the active species Similar studies with 
nicotine and nicotine monomethiodide on the rat diaphragm (Barlow and 
Hamilton, 1962) suggest that it is the univalent cation (V6) which is the 
active species, an idea originally suggested by Taylor (1951) 

Stereospecifjcity 

Table V 9 indicates that the receptor is fairly stercospecific It appears that 
the configuration (— )-(4-) is most favourable to activity, but (-)-<—) is also 
acceptable or even (4-)-(4-) if Wmterstemer’s figures for N-dimethylcunne 
are taken The low activity of N-dimcthyluochondodendnne is particularly 
interestmg Even though this has the (4-)-{4-) configuration, it seems that 
the ether oxygen baked meta to the benzene nng is important in (4-) tubo 
curanne and (4-) chondocuranne It is difficult to desenbe exactly what 
difference this bridge actually makes to the way m which the molecule can 
become arranged, but it is likely to be considerable The two benzyl bridges 
between the tetrahydroisoquinolme nngs cannot be in the same plane (as 
they appear to be m the usual drawing of the formulae), but are forced 
slightly incbned to each other into planes at nght angles to the rest of the 
molecule Although the betcro-part of the tetrahydrowoquinoline rings can 
buckle and consequently, m theory, the attachment at the asymmetric 
1-carbon atom need not be fixed equatorial or axial, the arrangement may 
well be limited by the inflexibility of large portions of the 18 membered nng 
It IS not really possible to illustrate this adequately with a drawing, a mole- 
cular model should be inspected It is difficult to compute the possible 
distances between the two onium groups with any degree of confidence (see, 
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however, Battersby and Hodson, 1960, referred to on page 132), but it would 
appear that these do not vary as greatly as do the distances between the 
simple phenolic hydroxyl group and either of the onium groups It is con- 
ceivable that this phenolic group provides a third point of attachment to the 
receptor (there must be at least a three-point attachment to account for the 
stereospecificity), but consideration should also be given to the ether oxygen 
atom between the two aromatic rings which should carry an appreciable 
partial positive charge 

Development of Synthetic Neuromoscular Blocking Agents 
Among the compounds immediately related to {-)-) tubocuranne the quater- 
nary salts are always more active than the tertiary bases The neuromuscular 
blocking activity of quaternary salts was demonstrated long ago by Crum 
Brown and Fraser (1869), who repeated Bernard’s experiments on the frog 
with the melhiodides of strychnine, brucine, ihebaine, codeine, morphine, 
atropine, and conime Although the pharmacological properties of these 
alkaloids are exceedingly diverse, the quartemary salts all produced paralysis 
Tetra-alkyl ammonium, phosphonium, arsomum, stibonium, tnmethylsul- 
phonium, and even lodonium salts were subsequently examined (review by 
Ing, 1936), and it became recognized that neuromuscular blocking properties 
are charactenstic of ontum salts as a class It will now be appreciated that this 
generalization requires qualification to exclude substances, such as Decaroe- 
thonium, which act like acetylcholine and cannot be regarded as blocking 
transmission by exactly the same mechanism as (-f )-tubocuranne chloride. 
Nevertheless, the observation appears to be generally true for onium salts 
with only two, or fewer, methyl groups attached to an atom in Group V of 
the Periodic Table 

The discovery that (-f )-tubocurannc is a bis onium salt (King, 1935, 1936) 
stimulated interest in compounds containing more than one quaternary 
group The substances 3381 ^and 3365 J?F(V 43, 44) which resemble parts 

-(CH:),- 

■"NMcj 

3381 RP, V 43 3565 RP, V 44 

of the tubocuranne molecule were found to be only slightly less active than 
that compound in the rabbit head drop test (Bovet et a! , 1946, 1947) The 
tris onium salt, Gallamine Triethiodidc (V 45) had comparable activity and 

V y-O— CHjCHjflEt, 

>=3^-0— CHjCHjNEt, 

Gallamine Tnethiodide, V 4S 

was introduced clinically (Huguenard and Bou^, 1949) When tested for 
its ability to reduce the flexing power of the hand m man by Mushm, 
Wien, Mason, and Langston (1949), it was found to be less active than 
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(-t-)*tubocuranne (cquipotent molar ratio, 4 2), but it is a true aotagoaist 
of acetylcholine, and its effects are reversed by an anticholinesterase such 
as Neostigmine (page 260) 

Further developments (for reviews see Bovet, 1 959, and Cavallito and Gray, 
1960) were complicated by the discovery of the activity of Decamethomum 
and succinylchoiine and the compounds can, for convenience, be divided into 
two groups In the first are substances, usually of relatively simple structure, 
derived from desensitizing neuromuscular bIock.ing agents and subsequently 
shown to block by a different meebamsm In the second are substances of 
more complex structure derived from (+)-tubocuranne and other alkaloids 


The First Group: Relatively Simple Structures 

As has already been pointed out 0>^ge 110), quite small changes in the 
Decamethomum molecule markedly decrease ability to act like acetylcholine 
at the neuromuscular junction, although the compounds are still able to 
block transmission by an action which is apparently like that of (+)-tubo- 
curanne Among the compounds of this type are the phosphonium and 
sulphomum analogues of Decamethomum, Cyclomethone, and the polymeric 
substance (V 20, see page 1 12) The evidence that this block is really a competi- 
tion, however, is usually indirect, depending on the reversal of the block by an 
anticholinesterase or the absence of signs of acetylcholine like activity 
Aridns and Van Rossum (1957) investigated the nature of the antagomsm 
of the actions of acetylcholine by many derivatives of Decamethomum on the 
frog rectus preparation. They found that when one or more methyl group at 
each end was replaced by a large alkyl ^up (e g n pentyl, V 46), the antagon- 
ism had the characteristics of a non-com- 
petiiive block It is necessary to keep m mmd, 
therefore, the possibility that many com- 
pounds, which block transmission at the 
neurorouscularjunctionby an action different 
from that of acetylcholine, may not, in fact, 
be truly competitive antagonists of acetyl- 
choline This may be particularly important for compounds with large ali- 
phatic groups such as V 46, mentioned above, and polymethylcne bis omum 
salts with very long chains The tndecamcthylenc homologue of Decame- 
thomum, for instance, is less potent as a blocking agent than Decamethomum 
but more active in causing contracture This suggests 
that lengthenmg the chain increases ability to block by EtjN-(CHj),-NEt 
a mechanism other than descnsitization In the /i«]6ori7 

analogous bis tnetbylammomiim salts, for instance, V47 

considerable blocking activity is to be found among 
compounds with a really long chain, such as hexa- and hepta decametbylene 
bis tncthylammomum (V 47, Barlow and Zoller, 1964) 

Although decametbylene bis pyndintum is not particularly active and the 
h£f-qumolmium and iro-qumolioium analogues are only feeble (Taylor, 1951), 
the introduction of methoxyl groups and, more especially, the reduction of 
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the heterocychc nng greatly increases activity Decamethylene bis (1 2 3 4- 
tetrahydro 6 7*dimcthoxy)-N-methyl«oquinolinmm (V 48) was more active 
than (-f) tubocuranne chlonde in the rabbit Taylor (1951) obtained an equi- 
potent molar ratio of 0 35 in a lest based on ability to block the nghting 
reflex Smith, Pehkan, Maramba, and Unna (1953) obtained the ratio 0 23 
by the head-drop method The compound with an additional mcthoxyl group 
in the 8 position (V 49) was more active according to Taylor’s results (ratio 



R = 


H.V48, 
MeO. V49 


0 15), but about the same (0 26) according to the results of the other group 
The compounds were less active on the cat tibiahs (the ratio was 1 0 for the 
6 7-diraethoxy compound) These compounds, like (4-)-tubocuranne itself, 
contain two asymmetnc carbon atoms in the 1-position of the reduced iso- 
quinoline nng and the tests were made with maCenal consisting of a mixture of 
isomers Smith, Pehkan, Maramba, and Unna compared the activity of dif- 
ferent fractions of some of the compounds and the results suggest some 
degree of stereospecificity These substances did not cause contracture of 
the frog rectus or chicken gastrocnemius preparations 
One of the most interesting substances m this group is the substance 
Benzoquinonium(MytoIon,\ 50,Hoppe, 1950, 1951) In the rabbit head drop 


O 


■NH— (CH,),— tjl’-CHiPh 
£t 


Benzoguinonlum V 50 

test the equipotent molar ratio for this compound was 0 2, but m the mouse 
inchned screen test it was 2 2 The effects of the compound were not well 
antagonized by Neostigmine and not at all by Edrophonium (Randall, 1951) 
Nevertheless, the compound does not cause contracture of the frog rectus, 
and the reason why antichohncstcrascs do not reverse its neuromuscular 
blocking action must be because the substance is itself a potent anticholin- 
esterase, being about one-quarter as active as Neostigmine itself Hougs (1957) 
and Bowman (1958) have obtained results which confirm the idea that the 
compound is a competitive blocking agent 


Second Group. More Complex Structures 

Among the second group of compounds is the dimethyl ether of (*f) tubo- 
curanne chlonde This was shown by Colher, Pans, and Woolf (1948) to be 
much more active than (-b) tubocurarme chlonde itself When tested for 



128 Introduction to Chemical Pharmacology 

ability to block the nghlmg reflex in the mouse, rat, and rabbit, the equi- 
potent molar ratios were found to be respectively I 2, 0 2, and between 0 06 
and 0 09 On the isolated rat diaphragm, however, the dimethyl ether was 
not so active, the ratio being around 0 5 Unnac/o/ (1950) obtained an equi 
potent molar ratio of 0 37 when the compounds were compared for their 
ability to reduce the grip-strength in man 

The variation with species of the activity of this compound relative to 
(•f )-tubocuranne has already been mentioned in connexion with Kalow s 
work (1954) using the frog rectus It is certainly remarkable how big the 
variation is when one considers that the compounds are assumed to be 
acting by the same mechanism Even allowing for discrepancies which might 
anse from the slight diflerences in the pH of the test preparations, the relative 
activities of compounds seem to vary from species to species m a most un- 
predictable manner 

Open chain bis benzylisoqumolme derivatives polyracthylenc bis laudano- 
sinium salts (V 51) have been studied by Taylor (1952), Collier (1952), and 



Collier and Macaulay (1952) Activity in blocking the nghting reflex m rabbits 
IS maximal in the nonamethylene member of the series (equipotent molar 
ratio relative to (-1-) tubocurarme chlonde, 0 IT), but the dccamcthylene 
member is almost as active (0 20) The latter (V 52 Laudexium, Laudohssin) 
was tested in man and found to be rather less active than (-|-)-tubocurarine 
chlonde (equipotent molar ratio between 1 and 2), although its effects lasted 
relatively longer (Bodman, 1952) It did not cause contracture and its effects 
were reversed by Neostigmine 

Tropine Derivatives 

Although atropine readily blocks the sites of the muscanne like actions of 
acetylcbohne (page 83), it only affects the neuromuscular junction when 
given in very high doses indeed (Kimura, Unna, and Pfeiffer, 1949) As might 
be expected from the results of Crum Brown and Fraser, discussed on 
page 125, atropme metho-salts are much more active than the base itself in 
blocking the neuromuscular junction Neuromuscular blocking activity is 
even more marked in polymethylenc bu atropmium salts The penta- and 
deca methylene compounds were tested by Kimura and Unna (1950) and the 
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hexa- and octa methylene compounds by Eckfield (1959) Of these, the 
decamethylene compound (V 53) appears to be the most active and appre 
ciably stronger than (+) tubocurarme cWonde m the rabbit head drop test 
(equipotent molar ratio, 0 3) The compound was relatively less active when 
tested on the dog gastrocnemius or rat diaphragm preparations, the block 
was antagonized by Neostigmine 




= Ph-CH— CO V 53 
CT.OH 

= PhCHtCO V 56 


A Similar compound, I 4-xylyIene bis atropmium (V 54), was about as 
active as (+) tubocurarme chloride (Issekutz, 1952), the equipotent molar 
ratio in the rabbit head drop test was 0 8 (review by Gyermek and Nador, 
1957) The tropic acid part of the molecule is important, however, as well as 
the polymethylene chain I 4-XylyIene bis benzoyl a tropmium (V 55, which 
has the same configuration at the 3 position as atropine, i e the ester link is 



traits or axial, sec page 214) was more active (equipotent molar ratio relative 
to (4-}-tubocuranne chloride, 0 6) Decamethylene bis phenylacetoxytrop- 
inium (V 56) on the other hand, was less active than the corresponding tropic 
ester (equipotent molar ratio relative to (+) tubocurarme chlonde 1 0 on 
the cat gastrocnemius and 11m the rabbit head drop test, Haining, Johnston 
and Smith, 1960) The succmic ester, m brombenzyl sucemyl a tropmium 
(V 57) m which the two tropine fragments are linked at the 3 position instead 


CHj— 
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of through the nitrogen atom, had an equipotent molar ratio of 0 3 relative 
to (4-)-tubocuTanne chloride m the rabbit head-drop test, but its effects 
were much more transient It was relatively less active in the cat and dog and 
its effects were reversed by Edrophonium Haining, Johnston, and Smith 
(1960) also studied a rather similar senes in which the bndge was between the 
(wo nitrogen atoms The most active compounds were those m which the 
link was 4 8-dioxo-3 9-dioxaundecamcihylene (V 58) and 5 8 dioxo-4 9- 
dioxadodecaracthylene, which had equipotent molar ratios relative to 
('f)-tubocuranne chlonde of 1 1 and 0 9 respectively on the cat gastrocne- 
mius and 0 7 and 1 0 in the rabbit head-drop test The effects of these com- 
pounds resembled those of Suxamethonium in being short-hved, but the 
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compounds did not cause contracture of the frog rectus In two instances it 
was possible to test pairs of epimers in which the conOguration of the groups 
about the quaternary lutrogen atom was different In atropine the methyl 
group tends to be axial and alkylation mtroduces the fourth substituent 
cquatonally There was little difference between the activity of the two epi- 
meric forms in these instances Nador (I960) reported httle difference between 
epimers where the subsutuents were methyl and butyl, but considerable 
differences when one of the groups was aralkyl He found a 40 fold difference 
between the two forms of 1 4-xylylcnc his benoyloxy-* tropimum bromide 
The position of the ester group (axial, a-, as in tropine. or equatorial, p- 
as in pseudo tropme) does not appear to be very important, although there 
are only a few instances in which both the « tropme and ^tropme derivatives 
have been compared (the compounds so far discussed are all «-Lnked) Of 
the two isomenc forms of I 6-hcxaincthylcnc bis bcnzoyltropimum bromide, 
however, the p- was more active than the «• (the equipotent molar ratio of the 
p-compound relative to (+)-tubocuninne chlonde m the rabbit head drop 
test was 0 3) 

p-Erythrofdine 

This alkaloid (V59, Boekelheidc, Gniodoo, and Wcmstock, 1952) is of 
interest because it is one of the few tertiary bases with appreaable neuro- 
muscular blocking activity and, being a tertiary base, is active orally, on the 
cat gastrocnemius Salama and Wnght (1951) found the equipotent molar 
ratio relative to (-h) tubocuranne chlonde to be 85 The methiodidc, however, 
IS much less active (Unna and Greshn, 1944, Unua, Kniasuk, and Greslin, 
1944), but activity is increased by reduction to the dihydro compound 
(V 60, Boekelheide, Wcmstock, Gnmdon, SauvUge, and Agnello, 1953), 
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Salama and Wught obtained an equipotent molar ratio of 8 5 on the cat 
gastrocnemius and Bovet et al (1949) found the ratio to be 28 in the rabbit 
head-drop test 

The absolute configuration of both p-crythroidine and dihydro-p-erythro- 
idine has recently been established Wenzinger and Boekelheide (1963) have 
shown by chemical methods that the former has the 3R,5S configuration, as 
m V 59, and that the latter has the same arrangement, as in V 60, though 



^Erythroidme, V 59 Dihydro Eiythroidinc, V 60 

with the different position of the double bond, this will be described as 
3S, 5S Hanson (1963), using crystallographic methods, has worked out not 
only the relative configuration of the groups m the latter but also even their 
absolute configuration (which cannot usually be determined in this way) 
The results obtained by both methods were published simultaneously and 
are in agreement with each other 


TADLE V 10 

Neuromuseuhr Blocking Aciniiy of Calabash curome Atkahids Approximate 
Equipotent Ratios Relatne to (_+'}^Tuboeurarine Chloride 



Cat gastrocnenuus 

Frog 




Complete 

block 

gastrocnemius 

(isolated) 

head drop 

C-alkaloid E 

0 17 

0 056 

0 006 

0 0M-O053 

C-alkaloid G 

0 17 

014 

0 01 

0 OOJ-0 067 

Toxifenne 1 

025 

0060 

0 06 

012 

C-alkaloid H 

0 33 

013 



C-curarme I 

0 42 

020 

0 03 

0 40 

C-alkaloid K 
(Dihydrotoxiferme, 
deoxytoxiferine I) 

1 2 

044 


040 

C-alkaloid A 

33 

14 

24 

0 93 

Calebassine ! 

(Toxifenne 11) 

50 

17 

06 

i 

1 

32 


fVaser{I953) 


Because the molecular weights of the alkaloids are all approximately the same as those 
of (-|->tubocurarme chloride, the values in this table can be taken as equipotent molar 
ratios Paton and Perry (1951) obtained the following values for toxifenne I on the cat 
tibialis, 0 067, on the frog righting reSex, 0 013-0 004, on the mouse righting reflex, 0 08, 
in the rabbit head drop test, 0 05 
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Alkaloids of Calabash Curare 

Recently considerable attention has been given to the chemistry and pharma 
cology of the alkaloids of calabash curare (reviews, Karrer, 1959, Battersby 
and Hodson, 1960, Waser, 1953, 1959) The most active of these are all bis 
quaternary ammonium salts Approximate cquipotcnt ratios are shown in 
Table V 10 and, as the compounds all have molecular weights very similar 
to that of (+)*tubocurarine chloride, the values can be taken as cquipotcnt 
molar ratios The structures of Toxifcrine I (V 61), C*alkaIoid H (V 62), and 
C-alkaloid K (dihydroxtoxifcrinc I, V 63) have been worked out by Arnold 
et al (1961), that of Toxifcrme II (C-Calebassine, V 64) by Hesse elal (1961), 
and those of two much less active compounds, Caracunne II (V 65) and C* 
alkaloid D (V 6Q by Battersby et al (1961) These all contain two of the 
same fused 5 ring umls joined together in different ways It is possible that 


V 61-66 These all contain two of the units Me 



V65 V66 


high activity is associated with a relatively flexible bridge (compare the struc- 
tures of Toxiferine I, Toxiferme 11 and C alkaloid D) C Alkaloid D is only 
feebly active and IS particularly ngidly clamped by the 16 — 16 bond in this 
molecule the distance between the onium groups is only 8 6 A (McPhail and 
Sim, 1961), whereas in Toxiferine I it has been calculated to be about 14 A 
as m (-f) tubocurarme (Battersby and Hodson, 1960) It is interesting that 
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in spite of the complexity of these structures, the onium group is not ‘buned’ 
inside the molecule, but is relatively awessible (this point is more easily 
appreciated by an examination of m^els) 

The high activity of C-alkaloid E is very stribng it appears to be the most 
active neuromuscular blocking agent so far descnbed, although its activity 
relative to Decamethonium or the dimethyl ether of (+) tubocuranne will 
vary greatly from one species to another 

Distribution of Receptors at the Neuromuscular Junction 
From expenments with labelled Calabash Curanne, Waser (1959) concluded 
that 8 X 10® molecules of this compound were needed to block a single end- 
plate m the mouse diaphragm As stimulation of a single nerve-ending leads 
to the release of about 5 x 10® molecules of acetylcholine, he suggested that 
there are not more than about 10’ receptors per end plate and that for a 
maximal response less than one tenth of these are occupied (cf page 8) 
The end plate appears to have, very roughly, an area of 2,000 ft® (Cole, 1957, 
Miledi, 1960), this works out at 1 receptor per 2 x 10* Although this 
estimate is obviously only a drastic approximation it indicates an order of 
magnitude which is reasonably consistent with other results Cohen and 
Wamnga (1953) estimated that there were 520 cholinesterase active centres 
per ox red cell (page 279) Assuming the surface area of the latter to be 
120 n’, this works out at 1 receptor per 2 x 10’ A® Unless there is evidence 
that the receptors are arranged together m groups on the surface of cither of 
these structures - and the results of Miledi (1960) suggest that this is unlikely 
- It must be supposed that the distance between receptors is far too big for a 
single drug molecule to interact with more than one at once 

The Structure of Receptors at the Neuromuscular Junction 
Most antagonists at the neuromuscular junction are relatively large molecules, 
like the alkaloids of calabash and tube curare whereas most agonists 
are either small, like acetylcholine, or slender, like Decamethonium As 
will be seen later, this is true also of other sites where acetylcholine is 
active To account for the difference between the activity of, say, acetyl- 
choline and tetramethylammonium, it seems reasonable to suppose that the 
receptor consists of more than one group and may, m fact, where agonists 
are known which are stereospecific, consist of at least three groups These 
receptor groups which compose the receptor proper must he withm at the 
most 10 A of each other (the length of an extended molecule of actylcholine) 
The matenal surrounding the receptor, however, must also be considered, 
It cannot be thought of simply as a featureless surface of uniform electron 
density If, for instance, it is part of a protem structure there will be peptide 
bonds and possibly ammo, hydroxyl or sulphydryl groups close enough for 
these to interact with groups on the larger antagonist molecules These anchor- 
ing sites (Gill anding 1958) could account for the high affinity of antagomsts 
It should, m theory, be possible to infer the existence of anchoring sites 
from the variation of neuromuscular blocking activity with chemical structure, 
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but therft are two difficulUes, the flexibibty of many of the molecules and the 
possibility that the anchoring sites are distributed in all dire«ions about the 
receptor proper In a senes of compounds where there is a sharp mimintim 
in activity at a particular chain length, it seems reasonable to suppose that this 
maximum coincides with ability to combine with the receptor and an anchor- 
ing site simultaneously 

The number of neuromuscular blocbng agents which have a second onium 
group about 13-15 A away from the first suggests the existence of a negative 
group on the receptor surface in this position In other senes of neuromuscular 
blochng agents, however, the position of the maximum is different (e g m 
the polymcthylene iucarbamic esters of choline and m polymethylene bis-tn- 
etbylammomum salts) and the activity increases much more gradually with 
chain length The contnbution to adsorption of van der Waals’ forces, 
however, cannot be ignored, and in these large molecules it is conceivable 
that each extra methylene group in the chain, giving nse to an additional 
van der Waals bond, contributes a particular increment to the affinity (cf 
page 211) It might, therefore, be expected that activity would increase 
geometrically with chain length, and this appears to be more or less true in 
these series of h/rcarbamic esters and bu tnethylammomum salts 

As there do not appear to be any agonists which show stereospecfficity at 
the neuromuscular junction, it is difficult to decide whether the receptor umt 
consists of two groups or three, but there is little doubt, from the stereo* 
specidci ty of the antagonists, that these ane attached at more than two points 

Differences Betireen the Neuromuscular Janctlon and Ganglia 
It IS in the arrangement of these anchoring sites that neuromuscular junctions 
and ganglia differ most distinctly Although the receptor groups at these 
different sites are not arranged identically, acetylcholine is active at both 
Antagomsts, on the other hand, arc much more selective, in cats, Decame- 
tbonium does not affect ganglia in doses 100 times those which block the 
neuromuscular junction, and Hexametbonium does not affect the neuro- 
muscular junction m doses ICO times those which block gangha (Paton and 
Zaunis, 1949) Likewise ten times as much (-h) tubocuranne chloride was 
needed to block the cat’s supenor cervical ganglion as blocks the end plate 
ortfie cafs tibialis, ibr Oa&afoirfs f'antfCtfle raOo lyitfanrfibr rbxiibmn? 

I it is 80 (Waser, 1953) On the other hand, some of the less active alkaloids 
are less specific, as are the polymcthylene itrtriethylammomum salts which 
may not be involved in attachment at an anchonng site 

Possible Connexion Between Ability to Cause Contracture and Ability to 
Block by Desensitization 

The relationships between chemical structure and ability to cause contracture 
of the frog rectus have already been discussed (page 117), and it seems likely 
that there must be some connexion betvrecn this and ability to block by 
desensitization Katz and TheslcfT (1957) have suggested that perhaps the 
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receptor can exist m two interconvertible forms, A and B, and that drugs 
usually have a greater affinity for B than for A, that only the combination 
with form A leads to a response and that the rate of interconversion of either 
the complex with A to the complex with B, or of B alone back to A, is slow 
compared with the achievement of equilibrium by the drug with either form 
of receptor This can be written 

Drug + Drug A complex 
I (slow) I (slow) 

Drug -h B ^ Drug-B complex 

This hypothesis receives support from studies of the rate of onset of block 
and the rate of recovery afterwards If it is correct, the possibiUty of desensi- 
tization will depend upon the ratio of the affinity constants, An -Kj If the 
compound has a much higher affinity for B than A it will tend to desensitize, 
whereas if the ratio is not so high it will be more difficult to produce desensiti- 
zation An action hke acetylcholine will normally depend upon a combination 
ivith type A receptors which leads to depolarization and a response If, 
however, the concentration is allowed to build up there may be a block m 
transmission by combination with type B receptors 
The action of Decamethomum certainly appears to be a two stage process 
Holmes, Jenden, and Taylor (1951) and Jenden, Kamyo, and Taylor (1951, 
review by Taylor, 1951) concluded that the first stage, which in the rat dia- 
phragm was the rate controlhng step, was a diffusion, a truly reversible 
dissoaation between drug and the receptors This was not a diffusion to the 
neuromuscular junction, such as was investigated by Ing and Wright (1931) 
(page 97), but a process occurring at some point or surface within the neuro- 
muscular junction Itself This first phase corresponded with the depolarization 
of the end plate It was unaffected by an anticholinesterase or by adding K+ 
ions, and was followed after some considerable time by a block which 
resembled that produced by (+)*tubocuranne 
It might be supposed that this first phase corresponds with depolarization 
block due to an action at type A receptors and the latter to an action at 
type B The picture is by no means clear, however, because the desensitization, 
1 e the reduction m the end _platc potential produced by Decamethomum, 
sucanylchohne or even acetylchohne adds on to that produced by a competi 
tive blocking agent such as Gallamine tnethiodide, contrariwise m certain 
circumstances application of acetylcholine deepens the block produced by 
Gallamme tnethiodide (Fig V 10, Thesleff, 1958) This is not what would be 
expected if the compounds were acting by depolanzation Certainly the con- 
tracture of slow fibres produced by Decamethomum or succmylcholine is 
antagonized by substances like (+) tubocurarme, and Dallemagne and 
Philippot (1952) have shown that (+) lubocuranne can antagomze the effects 
of Decamethomum on the cat tibialis and soleus muscles 
It seems, then, that it is only m the later stages that the two different types 
of blocking agent act additively, and how long it takes before these ‘later 
stages’ are reached appears to depend very much upon the species and muscle 
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concerned and on the rate of stimulation (Axelsson and Thesleff, 1958, 
ThesIefT, 1960) It is very easy, for instance, to desensitize the end-plates of 
the cat’s tcnuissiraus muscle It has been suggested that perhaps Decame- 
Ihonium, being a slender ion, can penetrate to some site which is inaccessible 
to the much larger (-(-)'tubocurarine ion (Taylor, 1951) and perhaps this 
accounts for the second stage of block It is conceivable that if Decame- 
thonium were producing a block by fiiung the receptors in the inactive B form, 
the block would be increased by (-f-)-tubocuranne combining with the 
limited number of type A receptors The disadvantage of this type of picture, 
and of that suggested by Waser (1959) in which Decaracthonium is supposed 
to act by bndging the mouth of a ‘pore’ but failing to plug it properly, is that 
involves a mechanical response by the receptor This may well be the way 
in which these drugs act, but unfortunately it involves speculation about 
processes for which there are as yet no satisfactory models m physical 
chemistry 



Site 


Pio V 10 Addition of destnsHisaUons produced by Cotlamlne trlelhiodide and 
acetykhoUne the spikes are produced by the brief eleetrophoretie application of 
acetylcholine to the end plate of the cel ^ tenuissimus muscle The upper picture 
shows the ejects of Galtamme trlethtoduJe {added at the arrow and washed out at 
the second arrow) on the desensitization produced by acefytcboluie {whose presence 
IS indicated by the upward moiement of the lower line) the tower picture shows 
the effecis of acetylcholine on those of Catlamme trlethiodide {the presence of the 
Callamine triethiodide again being indicated by the arrows and of the acetylcholine 
by the movement of the lower line) {Thesleff, J958 reproduced by permission ) 

‘Mixed Block* 

The ability of a compound to act apparently by more than one mechanism 
has already been mentioned (page 1 14) With all the compounds of this type 
studied so far, the change is from a spastic paralysis to a flaccid, i e from a 
contracture or acetylcholine like effect to an apparently (+) tubocuranne 
like effect which may actually be a desensitization This is not merely depen 
dent on the drug acting at different rates on different types of muscle by 
either one type of action or the other because it can be observed even on a 
single type of muscle Some of the higher homologues of Decamethonium 
initially cause contracture of the chick biwnter, but the contracture passes 
off even m the presence of the drug (Dccamcthomum itself will do this if left 
long enough) This, then, can be explained by supposing that the subsequent 
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block IS a desensitiration, depending on the drug gradually penetrating to 
some deep-seated receptors and the ability to cause ‘mixed block’ will 
depend upon the relative affinity of the drug for the two types of receptor 
and ability to diffuse to the second type 
For a discussion of events occurring at the receptor in terms of ‘rate* 
theory (page 1^ see Paton and Waud (1962), and for suggestions about the 
nature of the receptor itself see Cavallito (1962) 

Antagonists of Neuromuscular BlocUng Agents 

When an overdose of (-}-)-tubocuranne has been given, an anticholinesterase 
(Chapter VIII) can be given as an ‘antidote’ It may be questioned whether this 
treatment is superior to artificial respiration with a machine (especially as the 
anticholinesterase vwll produce all the autonomic symptoms of cholinergic 
stimulation), but this may not be available There is no satisfactory antidote 

Et Et 

L H H *1 
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Cl 

AmlKMmum, V 67 

for Decamethomum or succmylcholine, although some compounds have 
been described as antagonizing their effects Paton and Z&mts (1949) reported 
that Pentamethonium would antagonize the block produced by Decame- 
thonium, but its ganglion blocking properties prevented its use for this 
purpose chnically De Beer et al (1951) and Ellis et al (1953) have also 
described compounds which reversed Us action It seems that this reversal, 
which occurs during the early stages of the block by Decamethomum, can be 
ascribed to the (-f)'tubocurarine like properties of the compounds (cf page 
135) If the block produced by Decamethomum or succmylcholine persists 
for a number of days, it has been claimed that it may be reversed by an anti- 
cholinesterase (Foldes, 1959), but this treatment may be very hazardous if 
used to try to reverse the effects of exews succmylchohne too soon Anti- 
cholinesterases, such as esenne or Neostigmine, have appreciable activity 
on the butyryl-cholinesterascs of serum as well as on the ‘true’ acetylcholin- 
esterase of the neuromuscular junction and hence may block the destruction of 
succmylcholine by the serum enzyme Some substances (e g Ambenonlum, 
MyteJase, Win 8077, V 67, Karezmar, 1957) appear to be able to antagonize 
both types of drug These have anticholmesterase-activity and blocking 
activity like that of (+) tubocuranne As anticholinesterases they reverse the 
effects of (-f-) tubocuranne and in hi^er concentrations, as (-l-)-tubocura- 
rme-like blocking agents, they reverse the action of Decamethomum m its 
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salts - Tnmetaphan - Tropme derivatives - Other ganglion blocking omum salts 
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aUcting the polymcthylene chant - Azameihonium - AsymmeUical fcfr-onium salts- 
Ganglion blocking compounds which we secondary or tertiary bases 
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Transmission In Ganglia 

Ttansmisstott «t ganglia is, itt many respects, very similar to transmissioti at 
the neuromuscular junction The transmitter, acetylcholine, is released from 
the endings of the presynaptic fibres and acts on postganglionic neurones 
givmg rise to an action potential in the postganglionic fibres It is possible, 
with certain ganglia, to place electrodes on the pre- and/or post-ganghomc 
fibres and on the ganglion itself and to observe the depolanration of the 
ganglion produced by stimulation of the preganghomefibre It is even possible, 
in some ganglia (Nishi and Kokelsu, 1960), to place a micro-electrode inside 
the postganglionic neurone and to record electrical events in a manner 
similar to that at the ncuromuscularjunction (page 88) Blackman, Gmsborg, 
and Ray (1963) have shown that, using this type of intracellular recording, 
small spontaneous depolarizations occur quite frequently in the sympathetic 
ganglia of the frog lliesc miniature synaptic potentials can be compared to 
the immature end-plate potentials occurring at the neuromuscular junction 
(page 88), and it is suggested that the synaptic potential itself, that is the 
depolarization produced by stimulating the preganglionic nerve, is com- 
pounded of a number of these miniature potentials, just as the end plate 
potential at the neuromuscular junction is compounded of a number of 
mimature end-plate potentials The release of acetylcholine would seem 
therefore, to be quantal m the ganglion as well as at the neuromuscular 
junction 
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The distribution of acetylcholinesterase, however, m the ganglion does not 
How the same pattern as m the neuromuscular junction (Koelle and Koelle, 
)59) and enzymic destruction of the transmitter seems to be much less 
nportant m the ganglion than at the neuromuscularjunction At the latter 
le enzyme is located on the membrane of the muscle end plate, but m the 
inglion there are appreciable amounts on the surface of the presynaptic 
bres If the postganglionic fibre is adrenergic, the acetylcholinesterase 
tcated on the preganglionic fibre is about the only source of enzyme m the 
mglion cell If the postganglionic fibre is cholinergic, however, there is also 
etylcholinesterase m the cytoplasm of the postganglionic fibre and a certain 
mount (a lot in the ciliary ganglion, but less m the stellate ganglion) on the 
irface of the postganglionic neurone 

ntagomsm of the Action of Acetylcholine in Ganglia 
he action of acetylcholine, producing a synaptic potential and an action 
otential m the postganglionic fibre, is antagonized by a number of com- 
ounds, including (4-) tubocurarine Although the dose of {+) tubocurarine 
blonde which blocks ganglia is about ten times that which blocks the neuro- 
luscular junction, its action in the ganglion is always assumed to be by 
ompetition with acetylcholine Although this may well be correct, there is no 
irect evidence for this, there have so far, been no experiments with a 
anglion comparable with those of Jcnkinson (1960) with the frog sartorms 

lesensitization 

he similarity between the ganglion and the neuromuscular junction extends 
0 the action of large amounts of acetylcholine Paton and Perry (1953) and 
’erry and Tatesnik (1953) showed that these produced depolarization of the 
anglion and a reduction m the synaptic potential (Fig VI 1) There was 
omc degree of correlation between the degree of depolarization and the 
eduction of the synaptic potential, especially during the early phases of the 
)lock, but the block may subsequently persist for some time after the re- 
lolarization of the ganglion and can better be ascribed to desensitization 
han to depolarization This type of action is also observed with nicotine, 
vhose ability to stimulate and subsequently block autonomic ganglia was 
loted by Langley and Dickinson as long ago as 1889 
Compounds acting on the receptors m ganglia can accordingly be divided 
nto two groups substances which act like acetylcholine, initially stimulating 
he ganglion and subsequently blocking by depolarization and desensitization, 
ind substances which antagonize the actions of acetylcholine and cause a 
alock m transmission The difference between the two types is more easily 
jeen than at the neuromuscularjunction, because the transition from stimula- 
tion to desensitization does not occur so readily in the ganglion as it does m 
the neuromuscular junction For a review of the actions of drugs at ganglia 
see Paton (1954) 

Uses of Ganghon-blocking Agents 

One of the mam effects of ganglion Wocking agents is to cause a fall in 
blood pressure Although both sympathetic and parasympathetic ganglia 
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are blocked to about the same extent, the level of the blood-pressure appears 
to be determined primarily by the sympathetic tone, the parasympathetic 
lone being much less important. The effects of a ganglion-blocking agent is, 
therefore, to lower the blood-pressure, particularly where this is set at a 
high level because the sympathetic tone is high One method of dealing with 
a raised sympathetic tone is to cut the sympathetic nerve supply, but this 
surgical treatment is not always successful (the high blood-pressure could 



PIO vr 1 Effects of drugs on tteetrtcal events m ganglia 

The records are of electrical events m the ciliary ganglion of the eat, with Ike 
electrodes placed one on the cut end of the postganglionic nene and the other 
round the body of the ganglion The traces a, e, and e h ere obtained before the 
addition of a drug and b, d, and f after the infra arterial injections of acetylcholine, 
nicotine, and hexameihonium, respectively With acetylcholine the trace moves 
upwards, indicating depolarisation of the ganglion, and there is a slight reduction in 
the synaptic action potential with mcohne, likewise, there is both depolarization 
and a reduction in the site of the synaptic action potential, but with hexamethonlum 
there is a reduction in the size of the action potential nilkout any depolarization 
(Perry and Talesnik, 1953 ) 

have other causes besides a raised sympathetic tone), and at one time the 
short-lastmg ganglion blockmg effects of tetracthylammomum were made use 
of to assess m a patient the likely results of sympathectomy This use of 
letraefDyiammonium was oOi always very satislaOrory “(Lyons, 'ftoddier, 
Neligh, Moe, and Peet, 1948) Long-lasting ganghoo blocking agents, how- 
ever, have been found to be of considerable value m the treatment of condi- 
tions where the blood-pressure is high (Organe, Paton, and Zasmis, 1949) 
When the sympathetic ganglia are blocked the blood tends to ‘pool* under 
the mfluecLce of gravity, and one (hsadvautage of this treatment is that when 
a patient stands up suddenly he may faint because of the inadequate blood- 
supply to the bram This effect can, however, be made use of by the anaes- 
thetist to reduce bleeding in surgery A ganglion blocking agent is injected 
and the patient tilted so that the part to be operated on (e g the head) is 
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raised and the blood collects in the lower limbs Drugs used for this procedure 
must produce only short-lasting effects because it is undesirable either to 
reduce the blood supply to any part of the body for too long or to allow the 
blood-pressure generally to fall dunng anaesthesia Therapeutically they 
must be considered as a separate class from drugs used m the treatment of 
high blood-pressure 

Ganghon-blocking activity may also be useful in compounds designed for 
the treatment of gastnc and duodenal ulcers The aim is to reduce the motihty 
of the gut and stomach and the secretion of acid gastncjuice The compounds 
normally employed for this purpose act at the postganglionic parasym- 
pathetic receptors on the smooth muscle (see Chapter VII), but ability to 
block gangha may also be advantageous, particularly for reducing the peri- 
staltic movement of the gut, and several substances have been developed 
which combine blocking activity at both the postganghomc parasympathetic 
receptors and at gan^a 

Testing of Drugs on Ganglia 
Preparations 

It is more difficult to test the action of drugs on ganglia than at the neuro- 
muscular junction because ganglia are usually much more difficult to get at 
and to keep alive This is particularly true of parasympathetic ganglia which, 
with a few exceptions, are located on the muscle or organ they innervate It is 
not possible to separate the gaoghon cell from the postganglionic fibres and 
postganglionic synapses with the muscle or organ, and consequently the same 
responses could be produced by drugs acting on the postganglionic fibre and 
at the postgangliomc receptors on the muscle or organ as well as at the 
ganglion itself The sympathetic ganglia, on the other hand, are usually some 
distance from the muscle or organ they innervate and yield less ambiguous 
information about the action of drugs, but even these demand much more 
skill in their preparation than do most neuromuscular preparations 

The most commonly used ganglion preparation is the sympathetic supenor 
cervical ganglion of the cat (Kibjakow, 1933) This is situated in the neck and 
innervates the nictitating membrane (the third eyelid) The blood-supply is 
Psssoasbiy accessible sad ccitsequeaily the ga.vgivjfl cas be perfused if 
necessary, otherwise drugs can be injected intni-artenally close to the ganglion 
Electrical stimulation of the preganglionic nerve produces a synaptic potential 
and a depolarization of the ganglion, which can be detected with external 
electrodes (Paton and Perry, 1953), and a contracture of the nictitating 
membrane, which can be recorded using a thread led over a pulley and 
attached to a lever The extent of the contracture will depend (among other 
things) on the number of postganglionic neurones in the ganglion which are 
stimulated by the release of transmitter from the preganglionic nerve-endings 

The most direct inforraatioa about the action of drugs on parasympathetic 
ganglia is obtained from the ciliary ganglion preparation desenbed by 
Whittendge (1937) This is unusual among parasympathetic gangha in that 
it IS some distance from the ciliary body and ins (in the eye) which it 
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innervates The effects of drugs can be studied on the electrical events in the 
ganglion, using external electrodes, or on thestze of the pupil, which constnets 
m response to parasympathetic stimulation (Peny and Talesmk, 1953) 

The stellate ganglion, whose postganglionic fibres are mostly adrenergic 
and run to the heart, the inferior mesentenc ganglion, from which adrenergic 
fibres innervate the bladder and rectum, and the sphenopalatine ganglion, 
whose postganglionic fibres are mostly cholinergic and innervate the lachry- 
mal gland, are all suitable for testing ganglion blocking agents, but have not 
been much used 



no Vl2 Isolated intestine in the original preporolicn described by Magnus 
the intestine fay honzonially In a dtsh and the thread ran oter a pulley to the lever 

The activity of drugs on parasympathetic ganglia has mostly been studied 
on preparations, such as the isolated guinea pig ileum or the perfused heart, 
m which the ganglia have not been separated from the postganglionic 
receptors on the muscle or organ The ileum can be mounted in two ways 
In one (Magnus, 1904), only the contractions of the longitudinal muscle are 
recorded (Fig VI 2), but m the other (Trendelenburg, 1917), the ileum is 
mounted so as to record the peristaltic reflex Magnus actually used mostly 
cat intestine, but guinea pig ileum is much more suitable as there is far 
less spontaneous activity This preparation i$ also suitable for ‘superfusing’ 
m the manner described by Gaddum (1953) In iheTrcndelenburg preparation 
the proximal end (nearest the stomach) of the piece of ileum is tied off, hke a 
sausage, and attached to a lever The anal end is fitted over a glass tube 
attached by rubber tubing to a reservoir containing a suitable salt solution, 
usually Tyrode s solution, and connected to a piston type volume recorder 
The outside of the ileum is also immersed in Tyrode’s solution, but the supply 
to the inside is separate from that lo the outside If the pressure inside the 
ileura 18 raised by raising the reservoir, this stimulus may set up the pen- 
staltic reflex, giving nse to waves of pcnstalsis m which both the circular 
muscle and the longitudinal muscle of the ileum are involved The changes 
in volume, arising mostly from contraction of the circular muscle, arc 
recorded by the piston recorder and changes in length by the movements of 
the lever An unproved version of this apparatus, m which drugs can be 
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applied to the inside of the ileum, as well as to the outside, has been described 
by Buibnng, Crema, and Saxby (1958) 

In the preparations so far described, the drug can be applied close to its 
site of action, this should be an advantage when fundamental information 
about theaction of the drug is required Information about thepossiblechnical 
value of a drug, however, is more likely to be obtained from more complicated 
expenments using whole animals Drugs arc often tested for their effects on 
the blood pressure of anaesthetized, or even conscious, animals, but changes 
m pressure could be brought about by actions at a vancty of sites other than 
ganglia If the drug is, in fact, acting at ganglia, its effects on the blood- 
pressure will be brought about largely by actions on sympathetic ganglia and 
possibly by stimulating the adrenal medulla The extent to which the latter 
may be involved can be determined in experimental animals by observing the 
effects of tying off the blood supply to the adrenal glands 

To assess the effects of drugs on parasympathetic ganglia m whole animals, 
the size of the pupil of the eye of the mouse has been employed (Edge, 1953) 

Agonist ActiMty 

The agonist activity of a drug at ganglia can be expressed m terms of the 
equipotent molar ratio relative to some other agonist Ideally this could be 
done by comparing the concentrations of the two drugs which produced 
comparable synaptic potentials or comparable degrees of depolarization of the 
ganglion Alternatively the size of the contracture of the nictitating membrane 
could be used, when drugs are injected into the arterial supply to the cat s 
superior cervical ganglion, or the change m the pupil size, when drugs are 
tested on the ciliary ganglion Although the drugs might produce a response 
by acting directly on the postganglionic receptors on the nictitating mem 
brane or ins, there is little likelihood of this happening, because the drug is 
apphed close to the ganglion and little escapes into the general circulation 
It IS possible to use the other nictitating membrane or ins as a control to 
check this point 

Agonist activity at ganglia will result in contraction of the guinea pig 
ileum, rise in blood pressure and constnction of the pupil All these, like 
the effects on the superior cervicaf anrf ciliary gangfla afready mentionecf, 
are graded responses and could be used for attempts to determine equipotent 
molar ratios relative to some standard but with these preparations it must 
be clearly established that the effects really are the consequence of actions at 
ganglia and not at other sites The effects on the blood pressure are often 
tested in the presence of atropine, which blocks the postganglionic parasym 
pathetic receptors, and hence only the effects on the sympathetic system are 
seen 

One difficulty in the way of obtaining equipotent molar ratios for stimulant 
activity on ganglia is the tendency for hi^ doses to produce some degree 
of ganglion block This for instance, upsets the performance of a 4-point 
assay 
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Blocking Actiiity 

Blocking activity at ganglia could be studied in the same way as blocking 
activity at the neuromuscular junction Theoretically it should be possible to 
determine the association constant for the antagonist and the receptors, for 
instance, by measuring the degree of depolarization produced by a particular 
amount of acetylcholine and finding the concentration of the antagonist m 
the presence of which double the amount of acetylcholine produced exactly 
the same efiect (cf the experiments of Jcnkimon, 1960, described on page 92) 
This type of experiment could also be performed using the gross pharma* 
cological response, contracture of the nictitating membrane, instead of the 
clectncal response It could also be done on the guinea-pig ileum, or on the 
blood-pressure, provided a ganglion-stimulant were used which had no effect 
on the postganghomc receptors Acetylcholine, for instance, would be un- 
suitable because it affects the latter in concentrations lower than those which 
affect the ganglion This determination of the antagonist constant for 
ganghon blockmg drugs does not seem to have been attempted 
Antagonist activity has mostly been expressed relative to that of another 
antagonist drug by comparing the concentrations producing comparable 
degrees of gangUon-block This may be assessed by measuring electrically 
the depolarization of the ganglia or observmg the effect of the drug on reduc- 
ing the size of the contracture of the nictitating membrane produced by pre- 
ganglionic stimulation (Hunt and Rensbaw, 1925, Chou and £ho, 1947, 
PatOQ and Zaimis, 1949) Similarly, if the isolated guinea pig ileum is treated 
with a ‘specific' ganghon stimulant, contracuons should be obtamed, and 
the percentage reduction m the size of these brought about by an antagomst 
could be used as a measure of its effect (Fakstorp and Pedersen, 1954) 

On the other preparations it is not necessary to add an agonist m order for 
the antagonist to produce an effect which can be seen In the whole mouse, 
the effect of a drug in blocking the parasympathetic cihary ganghon will be 
to upset the balance between the sympathetic and parasympathetic stimula- 
tion of the ins ThccircularrauscIewiUofferlcssoppositionto the sympatheti- 
cally innervated radial muscle and the pupil will become dilated Likewise in 
the cat, the action of drugs in blocking the sympathetic ganglia will lead to 
a fall m blood-pressure Either of these effects, dilation of the pupil or fall 
m blood-pressure, could be used for comparing the activity of ganglion- 
blocking drugs, but It should be rccogmzed that, in addition to the possibility 
that the result is produced by an action at sites other than gangha, the 
magnitude of the effect depends upon the relative physiological importance 
of the sympathetic and parasympathetic systems m the animal, as well as on 
the degree of block m the ganglia In an animal wth a high sympathetic tone 
the effects of a ganghon-blocking agent on the blood pressure will be greater 
than in others with lower sympathetic tone It might be expected, therefore, 
that the responses to a particular doss of a drug on this type of preparation 
would vary considerably from one ammal to another 
Another method of avoiding the addition of an agomst to stimulate the 



Actions at Ganglia 147 

ganglion is to stimulate sensory pathways leading to a ganglion involved m 
i reflex arc The peristaltic reflex is particularly convenient, being a local 
eflex which does not proceed through the spinal cord An increase in pres 
ure inside the gut stimulates sensory reccptore m the wall of the gut, sensory 
rapulses arc earned to the ganglia m the plexuses of the gut, and from these 
mpulses travelling motor postganglionic fibres stimulate the appropnate 
nuscle fibres Drugsmayblockthe reflex by blocking conduction ofirapulses 
ilong nerve-fibres (page 53), by blocking transmission at the ganglionic 
ynapse or by blocking transmission at the postganglionic receptors on the 
muscle The preparation has been used for estimating ganglion blocking 
activity by companng the concentrations which abolish the reflex, in particular 
the response of the circular muscle (Fcldberg and Lin, 1949, Paton and 
Zaimis, 1949, Kosterlitz and Robinson, 1957), but it is difficult to obtain 
very accurate results with it The response to a particular nsc m pressure is 
rather variable and it is difficult to wash the preparation without causing 
pressure changes which disturb it 

Ganglion blocking drugs can also be tested for their abihty to block the 
carotid occlusion reflex, i e the reflex nse in blood pressure produced in 
response to occlusion of the carotid artery, although this technique has 
actually been used more for testing compounds which interfere with the 
release of the sympathetic transmitter from the postganglionic nerve-endings 
(Maxwell, Ross, and Plummer, 1958, see page 341) 

AGONISTS 

Actnity of Simple Ouum Salts 

Bum and Dale (1915) noted tetramethylammonium produced usually a fall, 
but occasionally a nse, in the blood pressure of the anaesthetized cat In the 
presence of atropine, however, it always caused a rise, which they concluded 
to be due to stimulation of sympathetic ganglia Tetraetbylammomum on 
the other hand, did not cause a rise m pressure and m fact, antagonized the 
effects of tetramethylammonium Relative to acetylcholine, teframethyl- 
ammonium is very much more active at ganglia than at the neuromuscular 
junction Bum and Dale did not make a quantitative companson, although 
they comment that tetramethylammonium was comparable with nicotine 
m activity (page 153) It is certainly more active than acetylcholine 
Hunt and Renshaw (1925) also usmg the atropinized cat, found that the 
stimulant effects of tetramethylammonium were greater than those of tn 
methylsulphonium, which m turn were greater than those of tetramethyl 
phosphomum tetramethylarsonium and tetramethylstibomum appeared to 
be inactive The effects of some alkyltnmethylammonium salts were studied 
qualitatively by Hunt and Renshaw (1925) and Renshaw (1926) and more 
completely and quantitatively by Alles and Knoeffel (1939, quoted by Bovet 
and Bovet-Nitti, 1948) Activity appears to be maximal in the n pentyl and 
n hexyl compounds, which are more potent than tetramethylammonium 
(Table VI I) Willey (1955) records an equipotent molar ratio for n pentyl 
tnmethylammomum relative to acetylcholine of 0 12, and relative to mcotme 
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of 0 93, when compared for ability to raise the blood pressure of the spinal 

cat m the presence of atropine 

Phenyltrimethylammonium, bcnzyUnmethylaramonjum and p-phenyl 
ethylammonium were shown to cause a use in the blood pressure of the 
anaesthetized cat (Hunt 1926, Hunt and Renshaw, 1933) and dog (Allcs, 
1933) p Phenylethyltnmethylammonium was particularly active, being more 
powerful than tetramethylammonium and possibly more active than nicotine 

Other onium salts arc discussed in the section dealing with compounds 
related to nicotine 


TABLE VJ t 

Ganglion Slinwlant j4cthUy of Atkyhrlmethylammomum Sails 



AoproKimate equipotent molar 
ratio relaiive to tetramethyl 
anunonium eslinuted by ability 
to raise the blood pressure of 
the anaesthetized dog 
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J 


Altes and Knoejftt (t9i9) oted by Dost! and Bovel Nitti (/W5) 


Effects of Altering the Onium Group in Acetylcholine 
Analogues of acetylcholine m which the onium group has been altered have 
not been tested for ganglion stimulant activity as extensively as they have 
for acetylcholine like activity on the frog rectus It might be expected that 
the results on the two types of preparation would be similar since they are 
both sites of the mcotine like actions of acetylcholine and that quite small 
changes in the onium group would decrease ability to act like acetylcholine 
Holton and Ing (1949) found the equipotent molar ratio for acctoxyethyl 
cthyldimcthylammomum (VI l)relativeloaccty!cholinc on the blood pressure 


H. C<° T 

CHjCH, N-Mc 
Et 

VI I 


ofthe anaesthetized cat, treated With atropine was 5 Further replacement of 
methyl by ethyl in the onium group gave compounds which were inactive 
Hunt and Renshaw (1925) reported that the phosphonmm analogue of 
acetylcholine was inactive on this preparation 
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Effects of Altering the Acyl Group 

Altering the acyl group in acetylcholine affects ability to cause a rise in 
blood pressure m the presence of atropine in much the same way as it affects 
ability to cause contracture of the frog rectus The relative activities of a 
number of esters of choline are shown m Table VI 2 Many aliphatic esters 

TABLE Vl2 

GangUon-stimuhnt Activity of Esters of Chohne Equipotent Molar Ratios Relative 
to Acetylcholine Determined by Comparing Doses Producing Comparable Increases in 
Blood pressure In Cats Treated with Atropine 
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H ly = Hey (1952) IVilley (1955) C and G = Chang and Gaddum (1935) \V = 
Wurzel (1959) H and W = Holmstedt and Wlitlaker (1955) E and G Erspamer and 
Glosser (1958) S and H = Sekul and Holland (i960 the asterisk is to indicate that these 
workers used dogs not cals 
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ActiMly of Benzoyl Esters of Ckolme Equipoteni Mohr Ratios Relative to 
Pemoykholine 


Substituent 

Blood pressure 
mein the 
prcseoceof 
atropine 

Stimulation of 
superior cervical 
ganglion m the 
presence of ; 
esenne 

S 

/n-NOj 
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33 
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p-F 
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25 
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p-Me 

17 
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-017 

pMeO 1 

046 
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Omerod (.19SS) m the equipotent mobr ratio for benioylcholine relative to acetylcholine 
IS close to 1 (0 9, Hey. 19}2, 2 3, Wurzet, 1939), the figures in this table must be close to 
the values relative to aatylcholine 


S u the Haxnreett cotisunt, log , where K u the dissociauon constant for the sub- 

stituted benzoic acid and K* that for benzoic acid itself 

of choline are more active than acetylchoboe itself and, in contrast to the 
situation With the frog rectus, even aromatic esters of choline show consider- 
able activity The results are compheated by the diHerent susceptibilities of 
the compounds to hydrolysis by cholinesterase, particularly, m the expen 
meats on blood-pressure, to the butyiylcbohnesterase of plasma More 
specific information about gangUon stimulant activity is obtained from 
experiments, such as those of Ormeiod (1956), in which the drug is apphed 
directly to the perfused ganglion in the presence of esenne Even more than 
in the discussion of acetylcholine like activity at the neuromuscular junction, 
the choice of acetylcholine as a standard for comparison can be criticized 
because of its susceptibility to cholinesterase It is the obvious choice, how- 
ever, and with the development of preparations m which the drugs are applied 
directly to the ganglion, it should be possible to obtain results which are 
consistent 

The most active compounds appear to be n butyrjlcholinc, tnmethyl- 
acetylchoUne, dimethybaccyloylcholmc, t^ycholine, dihydroraurexme, 
pyridazme-S-acryloyl- and -3 propionyl chohne, cmnamoylcholine, and 
a-metb>lcinnainoylcholme Manyofthese,e g murexme(KeyIand Whittaker, 
1958) and dimethylacryloylcholine ^olmstedt and Whittaker, 1958), are 
stable to cholinesterases, but n butyiylcholmc, although only slightly affected 
by acetylcholinesterase, is hydrolysed twice as rapidly as acetylcholine by the 
butyrylcholinesferases of plasma (Adams and Whittaker, 1949) The high 
activity of this compound m raismg the blood pressure suggests that the 
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results m Table VI 2 with this test really do give some idea of the activity of 
the compounds at the receptors in the ganglia 
Although these compounds might be expected, hke acetylcholine, to block 
transmission in ganglia in doses higher than those which cause stimulation, 
no results appear to be available 


Effects of Altering the Choline Part of Acc^lcholioe 
(±) Acetyl a methylcholine (VI 2) was found by Simonart (1932) to be as 
active as acetylcholine in raising the blood pressure of the anaesthetized cat 
in the presence of atropine, (i) Acetyl pmetbylcbohne (VI 3), on the 
other hand, failed to produce any nse in pressure, this finding has been 
confirmed by Wurzel (1959) 


CHj-CO-O-CHR-CHR'-NMcs 
R = H R =Me.VI2, 
R«Me R «H,V13 


Esters of thiochohne are more active than their oxygen analogues Relative 
to acetylcholine, the equipotent molar ratios for the effects on the cat’s 
blood pressure m the presence of atropine are 0 20 for acctylthiochoUne, 0 22 
for the propionyl ester, 0 12 for the butyryl ester, and 040 for the benzoyl 
ester (Wurzel, 1959) It is odd that, according to Renshaw, Dreisbacb, Ziff, 
and Green (1938), acetyl p methylthiocholtne is more than twice as active as 
acetylthiochobne in raising the blood pressure of the anaesthetized car The 
a methyl compound does not appear to have been studied 
Altenng the length of the choline part of the molecule appears to reduce 
activity, both acctyl-y/iomochohne (VI 4, Hunt and Taveau, 1911) and 
acctyinorcholine (VI 5, Hunt and Renshaw, 1925) appear to be less active 
than acetylcholine 


CH,-C^ 

N3-(CH8),-NMe, 


/t = 3.VM, 
rt-l,VI5 


Ahphatic ethers of choline arc relatively inactive m stimulating ganglia 
(Dale, 1914, Simonart, 1932, 1934) Willey (1955), for instance, recorded 
equipotent molar ratios relative to acctyldiohae, on the blood pressure of 
the spinal cat m the presence of atropine, of 1 8 for the ethyl ether of choline 
and 0 53 for the n butyl ether Aromatic ethers, on the other hand, are 
extremely active Hey (1952) recorded an equipotent molar ratio for the 
phenyl ether of choline of 0 022 relative to acetylchohne and, if the adrenal 
glands were tied off, this ratio became as low as 0 012 Hey (1949) had sug- 
gested that ‘maximum nicotine like stimulant action would be found in 
ions of the type ROCH 2 CH 2 NMej, where the character of the R group 
is such that maximum mesomenc deviation towards structures of the type - 
R OCH2CH2NMe3 - would be expected’ In the phenyl ether of chohne, 
as opposed to the aliphatic ethers, there will be an appreciable partial positive 
F 
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charge on the ether oxygen atom because of the electron-withdrawing nature 
of the benzene ring Hey tested a number of substituted phenyl ethers of 
choline to see if there were any correlation between the electron-withdrawing 
or electron-releasing nature of the substituent and the ganglion-stimulant 
activity determined on the blood-pressure of the anaesthetized cat in the 
presence of atropine Some of the compounds are quite remarkably active 
(Table VI 3) 


TABLE VI 3 

Ganglion stimulant Activity of Substituted Phenyl Ethers of Choline 




Equipolent Molar Ratios Relatne to Aeetyleholme Obtained by Comparing Doses 
Producing a 60 mm Rise In Blood pressure 
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-012 
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The change m the ratio brought about by tying off the blood supply to the adrenal glands 
suggests that the contribution to the total rise in pressure from stimulation of the adrenals 
vanes from drug to drug This might imply that the receptors m the gland are slightly 
different from those m sympathetic ganglia, but it could be explained Eiy differ en ce s in the 
metabolism of the compounds If the activities are compared relative to choline phenyl 
ether, tying offihe adrenals has little effect except to tberaUoforacetylchohneitself 5 is the 
Hammett constant for the analogous benzoic acids (see Table VU) 

Hey 0952) 


The extremely high activity of the 3 5-dibromophenyl and m bromo- 
phenyl ethers of choline has been confirmed by Ambache and Robertson 
(1953) When tested on the perfused superior cervical ganglion of the cat, 
these substances caused stimulation and a contracture of the nictitating 
membrane but, m slightly higher doses, produced a block in transmission 
The results suggested that the compounds were, very roughly, equiactivc 
and that the m bromophenyl ether of chohne was between two and ten times 
as active as nicotine (sec below) 

In contrast to the ahphatic ethers, aliphatic ketones display considerable 
activity. Ing, Kordik, and Tudor Williams (1952) reported that 3- and 4-oxo- 
n-pentyltnmcthylammomum (VI 6 and 7) only produced a nse in blood- 
pressure in the anaesthetized cat whereas 3-oxo-n-butyltnmethylammoDium 




153 


Actions at Ganglia 


(VI 8), the most active of these on the frog rectus (page 108), initially caused 
a fall in blood pressure The latter caused a rise in blood pressure in the 
presence of atropine, but was less active than the oxo n pentyl compounds 
Willey (1955) obtained an equipotent molar ratio of 0 041 for4-oxo n pentyl 
trimethylammonium relative to acetylcholine on the blood pressure of the 
spinal cat in the presence of atropine 


CHaCHj-C-CHXH.-NMej 
VI 6 


CHj-C-CHjCHjCHj'NMea 


CHa-C-CHjCHiNMCj 

Via 

A number of compounds related to acetylcholine and contaimng hyoroxyi 
groups and/or ethylenic or acetylenic bonds has been studied by Jacob 
etal (1952) The ganglion stimulant activity of some of these, 5 hydroxy 
and 4-hydroxy n pentyltriraethylammonium and 4-hydroxy n pent-2-ynyItn 
methylammonium (VI 9, 10, and 1 1) is greater than that of acetylcholine 


RCHt-CHR CHjCHiCHj-NMca 
R-OH.R -H,VI9. 

R - H, R - OH VI to 


H 

CHa C-C-C-CHa-NMe, 

in 

VIll 


The equipotent molar ratios relative to acetylcholine on the blood pressure 
of the anaesthetized dog in the presence of atropine lie between 0 2 and 1 0 
It must be remembered, however, that n pcntyltnmethylammonium itself is 
much more active than acetylcholine (equipotent molar ratio 0 12 page 147) 
so the results cannot be taken to imply that a 4 hydroxyl group of 2 acetylenic 
link confer activity on the molecule 


Nicotine and Related Compoonds 

myuvtuu* iXp Atinuilat? ihlnrJr Aiatiflmaaimr nr 

ganglia has been known ever since the work of Langley and Dickinson (1889) 
Langley (1890) made use of its blocking action to find the actual anatomical 
location of vanous ganglia 

The results of Feldberg and Vartiainen (1934) using the perfused supenor 
cervical ganglion of the cat, suggest that, when compared for ability to 
stimulate the ganglion and cause contracture of the nictitating membrane, 
nicotine is more active than acetylcholine, the equipotent molar ration being 
around 0 1 In the presence of esenne, however, much smaller amounts of 
acetylcholine are effective and the ratio is nearer to unity The relatively low 
stunulant activity of acetylcholine appears to be related to its susceptibility 
to destruction by cholinesterase m most test preparations Willey (1955) 
recorded an equipotent molar ratio for nicotine of 0 13 relative to 
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acetylcholine compared for ability to raise the bIood*pressure of the 
anaesthetized cat 

Taylor (I9SI) suggested that nicotine was active as the univalent cation 
(VI 12), and although the effects of pH on its activity at ganglia have not 
been studied as they have at the neuromuscular junction (page 124), this 
seems to be likely to be correct Nicotine monomcthiodide (VI 13) is actually 
rather less active on the cat's superior cervical ganglion Barlow and Hamilton 
(1962) obtain a value of 4 9 for the cquipotent lomc ratio of nicotine mono- 
methiodide relative to nicotine 



R H, nicoUnium Ion, VI 12 
R = Me, mooometbyl nicotmium ton. VI 13 



(CH,), — NR, and 
— NRjMe 


n = I,VlI4. 
n«2,VI15, 


Barlow and Hamilton (1962) also studied a considerable number of 
analogues of nicotine, pyndylmethyl- and pyndyl-2-ethyldialkylamines and 
tnalkylammonium salts (VI 14andl^ These were tested mostly for ganglion- 
blocking activity on the cat’s superior cervical ganglion, but some were also 
tested as ganglion stimulants In general, the equipotent molar ratios relative 
to mcotme were similar whether the compounds 

a (CH]).— NR, were compared as agonists or as blockmg 

agents the one exception was ^-pyridylmethy! 

^ metbyidiethylammomum (VI IQ, which was 

n - 1, NR, •» NMeEt, , VI 16, ,nacuvc as a stimulant, although it had feeble 
a - 2, NR, - NMe, , VI 17, blocking properties It was thought that these 
«»-l,NR,-N^ , VI 18 compouodswere, therefore, actingUkenicotine, 
n-l,NR,-is|Me, ,V1 19 probably depolarising and then desensitizing 
the neurones in the ganglia Considerable 
blocking aclmtywas shown by ^pyndyl 2-cthyltnmeihylammonium (VI 17), 
(cquipotent ionic ratio relative to nicotine, 0 088), p-pyndylmethylpyrrol- 
idinc (VI 18, ratio, 0 84) and ^-pyndylmcthyltnmetbylammonium (VI 19, 
ratio, 0 98 , ratio for stimulant activity, 0 70) The values for the equipotent 
ionic ratio of choline phenyl ether relative to nicoUne on this preparation 
were 0 25 for stimulant activity and 0 66 for blocking 
activity 

Tbs ssiiviiy d p-svbsiiivisd pyndiae dsisvs- 

tivcs was, m part, expected In these there will be a 
partial positive charge on the 2- and 4-positions of 
the pyridine nng, which can be compared with the 
parti^ positive charge on the ether oxygen of chohne phenyl ether (Fig 
VI 3) The particularly high activity of the p-pyndyl-2-ethyI compound, 
however, was unexpiectcd, although this compound can be compared with 
phenylethyltnmcthylammomum, which is much more active than benzyl- 
tnmethylammonium (page 148) Anotberrclatcd compound with considerable 
activity is the substance leptodaciylme(VI 20) Erspamer and Glasser (1960 ) 


OH 

Leptodaciylmf, VI^ 



Actions at Ganglia 155 

Glasscr (I960) compared this substance with nicotine and obtained equipotent 
molar ratios of 0 3 to 0 6 on the blood«pressure of the spinal cat, andO 15 for 
blocking the response of the cat’s mctitatmg membrane to preganglionic 

Ph — -CHiCHj-N Me, 

Cholme phenyl ctherC+Iand+Ecffccts) 



W-S-Micotinc 


Fio VI 3 Comparison of ntcotme and chohne phenyl ether 

stimulation Glasser and Pasim (I960) have studied the activity of a number 
of analogues of leptodactylme and some of the results are shown in Table 
VI 4 m-chJorophenyl-2-ethyUrunethyIammonium is appreciably more active 
than Leptodactylme 


TABLE VI 4 

Ganglion Stimulant Activity of Some Analogues of Leptodactylme Equipotent Molar 
Eattos Relative to Leptodactylme for Ability to cause a Rise m Blood pressure in the 
Spinal Cat 


•CH,CHj-NMe, 


R~ S 


m-Chloro- 

050 

+037 

3 4*Dihydroxy- 

060-0-96 

-028 

^^Hyd^oxy• 

10 

+012 

H- 

10-14 

0 

p-Hydroxy- 

23-35 

-0 38 

m-Mcthoxy- 

47-21 

+011 

m Methyl 

61 

-004 


S a the Hammett constant for the analosous benzoic acids (see Table VI^) 


ClSsser and Pasmt (/950) 


Dimethylphenylpiperazmiom 

Nicotine monomethiodide (Barlow and Dobson, 1955, Gillis and I-ewis, 
1956) and the analogues of nicotine studied by Barlow and Hamilton (1962) 
did not appear to differ greatly from nicotine itself in the ease with which 
their effects passed from stimulation to block If the situation at the ganghon 
can be expressed in the same way as at the neuromuscular junction by the 
relationship postulated by Katz and Thesleff (1957) involving the two types 
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of receptors, A and B (see page 134), it may be supposed that the raljo of the 
affinity constants, Kb ' Ka, is approximately the same for all these compounds, 
although the actual values of Ka and Kb will vary greatly from drug to drug 
Bum and Dale (1915), however, observed that although tetramethylammo- 
mum was quantitatively similar to nicotine in raising the blood-pressure of 
the spina! cat, it was less active as a ganglion-blocking agent, and in one sub- 
stance in particular, dimethylphcnylpiperazimum (VI 21 Chen, Portman, 
and Wickcl, 1951) the separation of the two properties, 
^ ^ ^Me stimulant and blocking, IS very marked indeed Dunethyl- 
Ph — N *N phenylpiperazinium wU, in fact, cause a block in trans- 

' — ' ^Me mission m the ganglia of the gumea-pig Ueum involved 
Vi_ 2 i peristaltic reflex (Chen and Portman, 1954) and 

will also block transmission in the cat’s superior cervical 
ganglion (Leach, 1957), but is generally regarded as a ‘specific’ ganglion 
stimulant Fakstorp and Pedersen (1954) describe the use of the compound 
(in preference to nicotine) for stimulating the ganglia of the intestine to 
produce regular control responses against which the actions of ganglion- 
blocking agents can be assayed Ling (1959) has shown that dimethylphcnyl- 
piperazioium is not only unusual in being ‘specifically’ a ganglion-stimulant 
but also is more active in stimulating the receptors m the adrenal medulla 
than those in sympathetic ganglia Ling, for instance, found an equipotent 
molar ratio of about 008 for dunethylphenylpiperazmium relative to 
nicotine in raising the blood-pressure of the spinal cat or causing con- 
tracture of the nictitating membrane, but when the adrenals were ligated the 
ratios were only 0 2 for the blood pressure and 0 8 for tbe nictitating mem- 
brane The effect of tbe drug on tbe blood pressure and nictitating membrane 
accordingly depends mostly upon the release of adrenaline and noradrenaline 
from tbe adrenal medulla 

Chen and Parcel! (1954) found that the pipcndine analogue, 4 4-diphenyl- 
N-dimethylpipendimum (VI 22) was equiactive when the compounds were 
compared for stimulant activity on the cat’s supenor cervical ganghon, on 


R = Me,VIJ2.R = 6c>-Pr,VIJU yi2i 

the bladder and on the blood pressure, but the iropropyl analogue, 4 4-di- 
phenyl-N-mcthyl N-uopropylpipendinium (VI 23) only blocked ganglia 
The compound l-(o-methoxyphcnyl)pipcrazme(VI 24) also lowers the blood- 
pressure, but this is not the consequence of an action at ganglia (Page, 
Wolford, and Corcoran, 1959) 

Tropine DeriTatiTes, N-417 

Gyermek and Nador (1955) tested a number of tropine denvatives for 
ganglion-stimulant properties and found extremely high activity mp-phenyl- 
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benzyl (p-aminobenzoyl)-a*tropinium {N-4l7i VI 25) The equipotent molar 
ratio relative to nicotine was 0 017 on the cat’s blood-pressure and 0 067 on 
the cat’s supenor cervical ganglion The p-phenylbenzyl group, p ammo 
group and a-configuration of the tropine residue all appear to be important 
for activity If any of these is altered, activity drops markedly In view of the 
much greater effects of this compound on the blood-pressure than on the 
superior cervical ganglion it is possible that it may be particularly effective 
by releasing adrenaline and noradrenaline from the adrenal medulla 


Me 



N-417, VIOS 


Relationships Betireen Structure and Ganglion-stimulant Activity 
The most active of the substances discussed appears to be N-417 If it is 
assumed that the equipotent molar ratio for nicotine relative to acetylcholine 
on the cat’s blood-pressure is 0 13, the ratio for N-417 relative to acetyl- 
choline should be around 0 002 The corresponding value for the m-bromo- 
phenyl ether of choline is 0 004 and for the phenyl ether itself, 0 012 P-Pyridyl- 
2-ethyItrimethyIammonium may well be comparable in activity, but has only 
been tested for blocking activity on the superior cervical ganglion In this 
test the equipotent ionic ratio relative to nicotine was 0 088 (the equipotent 
molar ratio for N-417 relative to nicotine was 0 067 on this preparation) and 
this suggests a ratio relative to acetylcholine of about 0 01 As a blocking 
agent the compound was appreciably more active than choline phenyl ether, 
for which the ratio relative to nicotine in these experiments was 0 66 Tigly- 
choline (equipotent molar ratio relative to acetylcholine, 0 03) and lepto- 
dactylme (equipotent molar ratio relative to nicotine, 0 3 to 0 6 for effects on 
blood pressure, 0 15 for block of the superior cervical ganglion) appear to be 
fess acftvB fTrraerfiyfpftenyilpipcnrannnn, rfiftyrfromarexme, frimefftyfacetyi’- 
choline, and n pentyl and n-hexyltnmethylammonjum (all with equipotent 
molar ratios relative to acetylcholine of around 0 1) are less active still 
Although the figures for the equipotent molar ratios are based on different 
tests and should be treated with caution, they arc probably reasonable 
enough to indicate the order of activity of the compounds 
As already mentioned (page 151), Hey (1952) postulated that nicotine like 
stimulant activity depends upon the presence in the molecule of a partial 
positive charge a suitable distance from the cationic head This hypothesis 
has been most useful since it suggests new compounds which might be active, 
but it is also valuable because it is capable, to some extent, of being tested 
To obtain a quantitative estimate of tte ability of substituents to attract or 
release electrons m substituted benzoyl esters of choline, Ormerod (1956) 
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ANTAGONISTS 

(+)-TDbocuranne and Tctraethflanunoidoin 

The blocbiig action of (+) tubocuranoe at gangUa is less marked than its 
action at the neuromuscular junction (page 134), but its ganglion-blocking 
activity IS nevertheless quite high It may be of importance in poisoning with 
large doses of (-h)-tubocurarme but cannot be made use of practically except 
as a tool m pharmacological experiments The first substance m which anta- 
gomsm of the nicotine like actions of acetylchohne was confined to the sites 
in ganglia was tetraethylammomum (Bum and Dale, 1915) Although it is 
selective in blocking ganglia tn doses which do not appreciably affect the 
neuromuscular junction, this substance is actually much less potent than 
(+) tubocuiatine Acheson and Petiera (1946) found that the amount of 
tetraethylammomum needed to block the supenor cervical ganglion of 
the cat was somewhere around twenty times the amount of (-f)>tubo* 
curanne 

That ability to block conduction in ganglia does not necessarily have to be 
associated with ability to block the neuromuscular junction was also shown 
by the work of Bulbrmg and Depierre (1949) who studied the properties of 
a series of phenyl ethers of p hydroxyethyltncthylamroonium, F7S12y F2557, 
and Gallamine Trtethiadide (VI 26, 27, and 28) The most active neuromuscular 

6 =«- 

R - OCH.CH.NEl, R - R' =. H F2S1Z, VU6, 

R - R « OCH,CH,i^l, R* - H.F2S57. V121. 

R « R = R' « OCU.CH.NEt, Gallamine Tnelhiodide. V1^8 

blocking agent, Gallamme Tnethodide (see page 125), was actually the weakest 
ganglion blockmg agent whereas F25I2, the weakest neuromuscular blocking 
agent, was the strongest blocking agent at the ganglion (the equipotent molar 
ratio relative to (+) tubocurarine cblondc was between 40 and 10 0, 
Depierre, 1947) 

Simple Oniom Salts 

Tetraethylammoniura is not a particularly potent gangUonioblockmg agent, 
and although many simple onium salts have been found to have similar 
feeble activity, there are relatively few with marked ganglion blocking pro- 
perties Winbury (1952) found the equipotent molar ratio of diethylditro- 
propylammonium (VI 29) relative to tetraethylammomum to be 0 077 on the 
superior cervical ganglion of the cat, for methylethyldmopropylammonium 
(VI 30) the ratio was 0 14 Considerable activity was also shown by 2 6-di- 
methyl NN diethylpipendmiura (VI 31) for which Cook, Hambourger, and 
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Bianchi (1950) obtained an equipotent molar ratio relative to tetraethyl- 
ammonium of 0 12 to 0 17, Winbury (1952) found the ratio to be 0 10 and 
obtained the same value for the more complex structure, NN dimethyl 
1 benzyl 6 7 dihydroxy 1 2 3 4-tetrahydro woqumolinium (VI 32) 



R = Me. VI 30 VI 31 VI 32 


Tnmetaphan 

Randall, Peterson, and Lehmann (1949) found potent ganglion blocking 
activity in a rather unusual type of compound, Tnmetaphan {Arfonad VI 33), 
an analogue of biotin Part of the fall in blood pressure produced by this 
substance is due to its ability to cause the release of histamine from tissues 


Ph— CH,— Ijr'Sjl— CH,— Ph 

-in. 

Trimetaphan VI 33 

(Mitchell, Newman, MacGiUivray, and Clark, 1951) but the compound also, 
unquestionably, blocks conduction m ganglia as is seen from experiments 
with the cat s supenor cervical ganglion On this preparation the equipotent 
molar ratio for the (+)-isomer is around 0 01 relative to tetraethylammonium 
The (— ) isomer is about half as active, and the compounds with one or both 
of the benzyl groups removed are only feebly active The effects of Tnmeta 
phan, although intense, are extremely transient, presumably because the 
compound is rapidly broken down and/or excreted This short duration of 
action makes it a particularly suitable drug for use in surgery to reduce 
bleeding 



Tropine Denvatires 

Several tropine derivatives have been found to have ganglion blocking pro- 
perties Phenactroptmum {Trophenium VI 34) produces effects of short 
duration, and has an equipotent molar ratio relative to Hexamethonium 
(see below) of about 0 1 on the cat s supenor cervical ganglion and 0 05 on 
the blood pressure (Robertson, Gillies and Spencer, 1957) It is slightly 
more active than Tnmetaphan on the cat’s supenor cervical ganglion but the 
two compounds appear to be equiactive when used to reduce bleeding in 
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surgery (Robertson and Armitage, 1959) FhertoctropMunt, however, does 

not cause the release of histamine 



Pheaaetfoplttlum, VU4 

Gycrmek andKador (1952, 1953) and Gyermefc (1953, reviews by Gyermek 
and Nador, 1957, and Nador, 1960) have studied the properties of a large 
number of denvatives of tropinc and some of the results are shown in Table 
VI 5 Ganglion blocking activi^ appears to be influenced by the nature of 
the alkylating group attached to the quaternary nitrogen atom and by the 
nature of the estenfying aad Changes in these markedly alter the activity^ 
and yet the ester group is not mdispensable, for the tropane denvative VT 35 
IS almost as active as the corresponding tropyl ester, Gastropin (VI 36) The 
arrangement of the link with the tropane nog structure also influences activity 
but, again, neither the a> nor the p^ooflguratioo can be regarded as essential 



R-H.V135, 

R = Tropyl, Gastropin, VI 36, 
R = Mandclyl IV-S/O, VI 37 


for activity, for compounds of comparable activity are to be found m both 
senes (Table VI 6) Activity seems to be dependent pnmanly on the nature of 
the groups attached to the quaternary nitrogen atom and it may perhaps be 
that alterations m other parts of the molecule aSect activity because some 
substituents interfere with ability to fit the receptors rather than because other 
substituents (e g mandelyl or p anunobenzoyl) positively assist the later 
action between the drug and the receptors 
A comparison between these compounds and Phenactropmium docs not 
seem to have been made - the available r^ults suggest that the latter is more 
active than N-3I0 (VI 37) or Gastropm - but with all these compounds it 
seems that activity is assoaated with the presence of electron withdrawing 
groups attached to the quaternary nitrogen atom Gastropin which has some 
blocbng activity at the postgangliomc parasympathetic receptors on smooth 
muscle as well as ganglion blocking activity (Gyermek and Nador, 1957), 
has been used for the treatment of gastne and duodenal ulcers 
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TABLE VI 5 

Ganglion blocking Activity of Troplne Derivatives 




Cat s superior cervical 
ganglion equipotent molar 
ratios relative to 



Tetraethyl 

Hexa 



ammomum 

methomum 

H 

Tropyl (atropine) 

17 

44 

Me 

Tropyl (Eumydrlne) 

014 

36 

Me 

Mandelyl (^ovatroplm) 

013 

33 

PhCHt 

Benzoyl 



PhCHi 

Benzoyl (fi) 



PhCH* 

1 p-ammobenzoyl 







a-^^-ciT, 




0-0., 

j 

mandelyl 

016 

41 

o-Brotnobenzyl 

mandelyl 

0-09S 1 

25 

ffl-Brofflobenzy! 

mandelyl 

0-059 j 

15 

/*-Bromobenzyl 

mandelyl 

0021 

054 

p-Nitrobenzyl 

mandelyl 

0 027 

069 

;>-MethoxybenzyI 

mandelyl 

0055 

14 


mandelyl (ATJ/O VI 37) 

0010 

026 

PhCHi 

phenybcetyl 

010 

26 

p-Bromobenzyl 

phenylacetyl 

0(M6 

12 


phenylacctyl 

0 041 

1 1 


dipbenylacetyl 

0036 

0 92 


Tropyl (Coj/rtp/n VI 36) 

0 016 

0 41 


H(VI35) 

0 019 

0 49 

Hexamethomum 


0 039 

10 


P mdicates that the benzoyl group u rfa to the tug nitrogen i e equatorial and not aual 
as in the other (a) compounds 

Cyermek and t/ador (1953 1957) ffaddr(1950) 
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tahle vr6 

Effect pf Posttbm of Aol Croup on Aetmty 



Gyemek {1953) 


Other Ganglion-DIockjog Onium Salts Used in the Treatment of Gastne and 
Daodeoal Ulcers 

The use of atropine to reduce gastne secretion and the motility of the stomach 
and gut IS a logical application of its ability to block the actions of acetyl 
choline at the postganglionic parasympathetic receptors (Chapter VII) The 
treatment has certain disadvantages in particular, the atropine is absorbed 
through the gut wall and, particularly if treatment is lengthy, produces effects 
on the body as a whole Many substances have been tested as substitutes for 
atropine and among these a number of onium salts It has generally been 
found (page2I^ that quatermzation increases ability to antagonire the action 
of acetylcholine at the postganglionic parasympathetic receptors and, further, 
the omum group is fully ionized and therefore the compound is not likely 



Ph — CH — CO — O 

I 

CHjOH 

Buseopau VI 38 

to be soluble in fat Consequently the general absorption of these compounds 
should be much less than that of tertiary bases It may be questioned how far 
It IS possible to achieve suffiaent absorption into the gut wall for an action on 
the nerve-plexuses withm it without also obtaining sufficient general absorp 
tion to affect the rest of the autonomic nervous system Nevertheless many 
compounds of this type have been tned and some, like Gasiropm possess 
considerable ganglion blocking activity It is possible that this may, in certain 
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circumstances, be more important than the blocking activity of the com- 
pounds at the postganglionic parasympathetic receptors Buscopan(N'n butyl- 
hyoscimum, VI 38) has an equipotent molar ratio relative to Hexamethonium 
of 2 0 on the cat’s supenor cervical ganglion, and for Metbanthehmum (Ban 
thine, VI 39) the ratio is 30 (Gyermeic and Nador, 1957) Bambndge and 



MethantMinlum VIJ? 


Brown (1960) have studied the action of some of these substances on the cat’s 
supenor cervical ganglion using as a measure of the block the reduction of 
the size of the action potential m the post ganglionic fibre m response to 
preganglionic stimulation The results (Table VI 7) are rather different from 


TABLE VI 7 

Activity of Drugs in Reducing Dransmtssion m the Cat s Superior Cervical Ganglion 



Equipotent molar 
ratios relative to 
Hexamethonium* 

Pentolmium 

OIS 

Melhylatropmium {Eum}drine) 

04S 

^feeam)^am/»e 

1-4 

Propantheline 

1 8 

Methantheline 

20 

Atropine 

40 

Tctracthylammonium 

44 


• Obtained by companng the doses (injected into the femoral vein) which reduced by 
SO per cent the height of the postganglionic action potential in response to preganglionic 
stimulation 

Bainbridge and Bronn {1960) 


those obtained by Gyennek and Nador (see also Table VI 5) possibly because 
of differences in the conditions of stimulation (sec page 182) The activity of 
these compounds at parasympathetic gangha is difficult to assess 

Bis-omam Salts Pectamethoniom and Hexametbomum 
Although some mono onium salts with considerable ganglion blocking 
activity were known, the development of drugs with sufficient sustained 
activity and specificity for clinical use followed upon the discovery by Baton 
and Zamus (1949, 1951) of high ganglion blocking activity m bis onium salts, 
in particular in Pentamethonium (VI 40) and Hexamethonium (VI 41) This 
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optimal for activity because the effects of a particular group on activity de- 
pend upon the number of methylene groups in the chain Although penta 
methylene bU N methylpyrrolidmium (Pcntoliniura VI 44) is the most 
active of the comfMunds in Table VI 9, at least as 
far as the sympathetic ganglion is concerned, in the 
tetramethylene compounds it is the bis N methyl- 
pipendimum compound which is most active The 
K mcthylpyrrolidimum umt can be regarded as 
conferrmg activity, but it is not as effective as the 
N methylpipendinium group at the shorter chain length One generalization 
which may, perhaps, be drawn from the results is that with the larger onium 
groups, such as methyldiethylammonium, H methylpipendinium and 
N mcthylmorphoUnium, the activity is much less dependent upon the chain 
length than it is with the smaller omum groups, such as tnmethylammonium 

TABLE VI 9 

Gcaiglion Blocking Actinty of Analogues of Hexomethomum 
R»N-(CHi).-NR» 

Eqmpoient Molar Ratios Relalne to Hexameshomutn on fa) Cat s Superior Cenlcal 
Ganglion and (b) the Pertstaliie Reflex of the Guinea pig Ileum 



{ 1956 ) 



PcDlolioiura, VI 44 
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Effects of Altering the Polymethylcnc Chain 

Wien and Mason (1953) investigated the eflects of introducing a benzene 
ring into the chain linking the two onium groups Considerable activity is 
shown by some of the compounds (Table VI 10), particularly by phenylethane- 
p-w-6u-onium salts, some of which arc as powerful as Pentolimum 


TABLE VI 10 

Acthity of Phenylatkane bis onium Salts 


R,N 




(aii)n-NRj 


Equipotent molar ratios relative to Hexamethomum on (a) cat’s 
superior cervical ganglion. (6) peristaltic reflex of guinea pig fleum 






p MeEti 


o 


o 

o 

m 


(0) ! 

ib) 

n •• 1 

^^9 

jBm 

160 

mm 






2 

osi 1 

061 1 

025 

030 

022 1 

0 29 

0 38 

0 68 

3 1 

0 74 i 

15 1 

29 

15 

14 j 

0 70 

44 

13 

4 

0 72 

072 

— 

— 



— 

— 


WUnandMasonWSS) 


The bridge linking the omum groups can also contain a reduced ring 
system Colville and FanelU (1956) studied derivatives of 4-(2samino- 
ethyl)pipendine, and the activity of some of these, e g 4-(2-N pyrrolidino- 
ethyl)-N methylpipendine Atf-ctho and dtr*mctho salts (VI 45 and 46), 

D ^R ^ Me 

N— CH,CH,— 

R=Et,VJ45, 

R = Me, VI 46 

appeared to be comparable with that of Hexamethomum on the superior 
cervical ganglion of the cat 

Compounds in which a methylene group is replaced by an ether oxygen 
were studied m detail by Fafcstorp and Pedersen (1954, 1957), Fakstorp, 
Poulsen, Richter, and Schilling (1955), and Fakstorp, Pederson, Poulson, 
and Schilhng (1957) molecule it is easy to prepare 

asymmetrical 6w-onium salts, and the results, some of which are shown m 
Table VI 11, suggest that such asymmetrical compounds are more active 
tAan either of (fte cotresponefing symmetncal aaalogaes The most active 
compounds are those with chain lengths similar to those of Pentamethomum 
and Hexamethoniuffl The ether link appears to contribute slightly to 
activity when the chain length is comparable with that of Hexamethomum, 
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TABLE VLtI 


Ganglion Blacking Properties of tther-ltnked bh-ontum Saifs 


RjN-<CHj)-rO-(ai*)«-NR'> 

Equipotent molar ratios 
relative to Hexamcthonium 

Cat superior 
cervical 
ganglion 

Ileum 
stimulated 
with dimethyl 
phenyl 
piperazinium 

1. Eff^eet of chain length 



R« » Mei 

R'* = Me* 



/I-2 

/n=>2 

20 

31 

3CV147) 

2 

0S4 1 

0 97 

3 

3 

71 

49 

2 Effect of onlum groups 



n«2 

m-.2 



Rj^Ets 

R'« - MeEl* 

0 45 

14 

Eli 

MejEt 

0 59 

0 70 

Eti 

Me> 

very 

large 

EU 

Ed 

13 1 

13 1 

M«Eti 

MeEd 

20 

23 

M4tEt 

MetEt 

29 

40 

Eti n-Pr 

MetEt 

1 I 

09S 

Etj n-Gu 

MejEt 

0 77 

044 

/t-3 

«»2 



MesEt 

MesEt 

060 

' 19 

MeEt} 

MeEu 

1 

12 

Mes 

MeEts 

0 58 

0 35 

Me:Et 

E(> 

0 39 

0 56 


* 






mSSKSM 







31 




13 




14 




070 

Et* 2 

-S- 2 Me»Et I 

0 55 

0-37 


10 

0-78 


Fakslorp, Pedersen, Poulsen, and SehllUng (iWT); Fakstorp and Pedersen (1957) 
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the equipotent molar ratio for compound VI 47 relative to Hexamethomum 
on the supenor cervical ganglion being 0 54 At shorter chain lengths, how 
ever, the ether link appears to reduce activity, the ether analogue of Penta- 
methomum (eqmpotcnt molar ratio relative to Hexamethonmm on the 

Mc3N-(CH^-0-(CH^s~NMe, 

VI 47 

supenor cervical ganglion, 20) being less active than Pentamethonium 
(ratio, I 3), and the ether analogue of Pentolimum (ratio, I 0) being less active 
than Pentolimum (ratio, 0 14) The tbioethers seem to be more active than the 
corresponding ethers, but it is not possible to say how far this might be due 
to an interaction between the sulphur atom and a receptor group, and how 
far it might be due to the greater separation of the onium groups m these 
compounds 

The results obtained with these compounds are interesting not only because 
the eSects on activity of different substitaents la the omum groups vary iwtfe 
the length of the polymethylene chain but also because they indicate that 
activity at parasympathetic ganglia is not necessanly associated with activity 
at sympathetic gangha 

Fakstorp and Pedersen (1958) have also studied the activity of bis onium 
salts which are derivatives of chohue phenyl ether and are, therefore, ana« 
logues of some of the compounds studied by Wien and Mason (1953) The 
results (Table VI 12) are interesting for a number of reasons Some of the 
compounds contaimog one tertiary amino group have activity comparable 
with that of the bis quaternary salts, and the effects on activity of changes m 

TABLE VLI2 


Ccri?/ion Blocking Activity of Substituted Phenyl Ethers of Choline 




Equipotent molar ratios 

DCRjCHjNRj 

relative to Hexamethomura 

R,N 


(a) 

m 

Ri = 

Ra => 



Etj 

Mes 

16 

29 

Ets 

MezEt 

20 

081 

Eti 

Eta 

12 

0 71 

Mes 

Mea 

24 

40 

Mea 

Mea (/visomcr) 

18 

30 

MeaEt 

MeaEt 

15 j 

38 

MeEta 

MeEta 

>14 

49 

Mea 

MeEti 

26 

51 

MeEta 

Mes 

14 1 

0 98 


(a) Cat s supenor cervical s^nglicm 

(A) Guinea pig ileum stimulated with dimethylpheny! pipcrazmium. 


Fakstorp and Pedersen (/PJS) 
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the substituents on the onium nitro^n attnched to the benzene nng arc not 
the same as wlien the same changes are made to the omum nitrogen at the 
end of the ethylene chain The m linked bis trimethylammonium compound 
(VI 48) does not appear to be as active as the compound in which the ether 



-O— ClfjCH,— NMc, 

VI 48 


McjN —CHjCHi— NMcj 


oxygen is replaced by a methylene group (Table VI 10), but the p hnked 
bis tnmethylammomum compound (VI 49) appears to be at least as active 
as p phenyl n propane-* « bis trimethylammonium 
Azamethomum (Pendiomtde, VI 50, Bern and Meier, 1950) This compound 
Me 

EtMc,N-CH,CH,-^l-CH,CH,-NMt,Et 

Azameihonlam VI SO 

contains a racthylammo group m place of the middle methylene group in 
Pentamethoniumandisahu ethyldimethylammomum salt The5« tnmeiyl- 
ammonium analogue is much less active, and even Azamethomum itself is not 
as active as Hexamethonium (Blackman etal, 1956, recorded an equipotent 
molar ratio of 1 2 for their effects on blood pressure in rabbits, Table VI 13) 


TABLE VI 13 

Effects of Some Ganglion bloekmg Agents in Lon enng the Blood pressure 



Equipotent molar rauos 
relative to Heumelhomum 

\ 

In conscious 
rabbits 

In Man * 

Chtoruondamine 

01 

0 06 

Pentolinium ^ 

02 

013 

Hexamethylene-^ulethyldimethylammonium (VI ) 

08 

0-52 

Aiametbomum 1 

1 2 

1 0 


* By iruection blued on the value of 0 1 3 for Pentol mum relative to Hexametbomum 
calculated from th^ results of Smirk (1953) 

Blackman Fasfter, pate! and tVong {1956) 


Compounds in which part of the chain is an ester link have been studied by 
Schueler and Keasling (1954) and by Hidalgo, Wilken, and Seeberg (1959) 
The simple bis tnmethylammomum compound, VI 51, was a ganglion 

McjN-CHaCHj-CO-O-CHjCHtNMe, 

VI SI 

blocking agent, but the activity of this compound and of others with different 
substituents on the onium groups does not appear to be very stnking The 
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ester link de0nitely appears to reduce blocking activity, but methyl substi- 
tuents m the chain, p- to an onium group (i e esters of p-methylchohne), 
appear to increase activity somewhat 

Asymmetrical A/r-Onium Salts 

Plummer et al (1955) studied the properties of a number of asymmetrical 
bis omum salts m which one onium group was a substituted iimindolinium 
group and the other an aliphatic onium group (VI 52) In this series activity 


R 



R 


VI 52, 

R = H, n =* 2, R = R' « Me. VI 53, 

R = Cl, n = 2, R •= R* = Me CMorhondamme, VI 54, 

R =» a, n = 2. R « Et, R' = Me, VI 55 

was greatest in compounds with a short polymethylene chain 2 (2 -dimethyl- 
aminoethyl) Momdohne bis methiodide (VI 53), for instance, had an equi- 
potent molar ratio relative to Hexametlionium of 0 70 on the cat’s superior 
cervical ganglion Activity was greatly increased by substitution of halogen 
in the benzene nog, for 2-(2-dimcthylaminoethyl)4 5 6 7‘tetrachloro* 
woindoUne bis methochlonde (VI 54, Chlorisondammey Ecohd) the ratio was 
0 14 Activity was apparently not increased, however, by the replacement of 
methyl groups by ethyl, for 2-(2-diethylaminoethyl) 4 5 6 7-tetrachloro- 
ufomdohne hw-methiodide (VI 55) the ratio was 0 48 
Adamson, BiUinghurst, and Green (195Q and Billmgburst (1956) and 
Green (1956) have studied a group of compounds which resemble Chlorisond- 
amine in having only a short polymethylene chain and a relatively large group 
at one end Some of these substances appear to be very highly active indeed 
when compared with Chlorisondamme for abihty to cause mydnasis The 


/S J 

Ph (CH,),— N— CHiCH,-^N O 

Me ^ 

a-= 5,256 C 54, Vise 
n = 4, i2S»C 55, VI 57 

results of chnical tests were not so impressive, but 356 C 54 (VI 56) and 
139 C 55 (VI 57) appear, nevertheless, to be at least as active as, and probably 
more active than Chlonsondamine (Table VI 14) 

Compounds m which the large group at one end of the chain is a tropine 
derivative have been studied by Lape, Fort, and Hoppe (1956) Some of 
these (Table VI 15) arc more active than Hexamethonium on the cat’s 
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TABLE VI.14 

Mydriatic Acth tty of Asymmetrical bls-onmm Sails 139 CSS and 3S6 C S4 



Riuipotent molar 

Clinical dose used for 


ratios relative to 

treating high blood- 


Chlorisondamlne 

pressure (iiM/kg) 

3S6CS4 . ... 

10 

0 12-1 2 

J39CSS . ... 

07 

006-06 

Chlorisondamlne . 

10 

0 09-0 9 

Pentolinium ..... 

70 

02 -20 


The lower figure in the range of doses used clinically may give some idea of the e<]ui« 
potent molar ratio relative to Hexamethonium on the blood-pressure, the ratio for Pesto- 
linlum relative to Ifexamethonium is around 02 and for chlonsondamine around 0 1 
(see Tables VI.9 and 13) 

Greea (/P5d). 

superior cervical gaoglioo, and one or two compounds were very active indeed 
in blocking the carotid sinus reflex. This latter activity, however, appears to 
be due to a central action of the drugs rather than to their ganglion-blockmg 
piopeities. 

For further examples of asymmetrical hir-onium salts with a large group 
at one end see the reviews by Cavallito and Gray (1960) and Nador (I960). 


TABLE VI 15 

AetiMty of Same Asymmetrical bts-omum Salts Deriyedfrom Troplne on the 
Cal's St4perior Cenica! Ganglion • 


Ri-{CH,),-Y 

Equipotent 
molar ratio 
relaUve to 
Mexametbonium 

Ri- 


Y 

Rt 

Ri 


3 

NH 

Me 

Me 

027 


2 

NH 

Me 

Me 

0 42 

MesEtN 

2 1 

O 

Et 

Me 

041 

MeEtiN 

2 ' 

NH 

Me 


0 27 

MeEt2N 

2 j 

NMe 

Me 


12 


The equipotent molar ratios for the last two compounds relative to Hexamethouum m 
the carotid smus test were 0-096 and 0 017 icspe^vely. 


Lape, Fort, and ffoppe {,1956) 
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Ganglion-blocking Compounds Which arc Secondary or Tertiary Bases 
Although powerful ganglion blocking activity was first found among 
omum salts which are permanent cations, such as Hexamethonium, the 
results do not suggest that activity is confined to this one class of compound 
For use m the treatment of high blood pressure it is, in fact, desirable to 
avoid omum salts because they are irregularly and unpredictably absorbed 
when taken by mouth The oral dose of Hexamethonium, for instance, is 
about ten times the dose by injection Further, even when an onium salt 
reaches the blood stream it is likely to be rapidly excreted, for it will be 
filtered by the glomerulus of the kidney, but is unlikely to be reabsorbed into 
the blood stream in the tubule Considerable attention has, therefore, been 
given to ganglion blocking agents which are not onium salts 
Plummer, Schneider, and Barret (1954) found considerable ganghon- 
blocbng activity in a group of tetramines which can be regarded as tertiary 
denvatives of Azamethomum The most active member of the group, VI 58, 


NElt 
VI 58 


had, m fact, blocking activity on the cat’s superior cervical ganglion compare 
able with that of Azamethomum and Hexamethomum The next development, 
however, was an apparently unrelated compound, Mecamylamme (/nye«me, 
VI 59, Baer, Paulson, Russo, and Beyer, 1956) In terms of the dose required 



R =a Me, Meeamylamute, VI 59 
R = H, VI 60 


to produce a particular degree of block, this compound was at least as active 
as Hexamethomum (Stone, Torchiana, Navarro, and Beyer, 1956), but its 
effects persisted for from three to five times the length of time In spite of 
this, and m spite of the lack of any obvious resemblance to Hexamethonium, 
Mecamylamme appeared to be acting in essentially the same way, blocking 
transmission in ganglia 

Lee, Wragg, Come, Edge, and Reading (1958) observed that the reduction 
of crude 3 mtro wocamphane with lithium aluminium hydride gave not only 
the primary amine, nor-Mecamylamme (VI 60), but also some isomenc 
secondary amines Thesewerethoughttobethefusedsix-and seven membered 
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ring substances, VI 61 and 62, and it \ras observed that these, and their 
denvatives, also possessed ganglion-blocking activity Come and Edge (1958) 
accordingly studied the simpler s« membered ring structures, the alkylated 
piperidines 



Me Me 

VI6t VT62 


Spinks and Young (1958), working on the ganglion blocking activity of 
aliphatic amines, observed some activity in compounds such as N dimethyl 
(113 3 tetramethyl) n butylamine (VI 63), N ethyl (113 3 tetra 
methyl) n butylamine (VI 64), and N-cthyl rer/butylaraine (VI 65) They 


Jjlc 

Me-C-CH; 


Me 

'■i' 


R - R - Me, VI 63 
R - H R = El VI 61 


Me 

I 

Me-C-N-R 

nU 

R - El VI 65 
R - -CMe» VI 66 


speculated that high activity might be found m di rer/buiylamme (VI 66) 
but this compound is difficult to synthesize and is also unstable, so they 
decided to investigate the alkylated piperidines, which can be regarded as 
being denvatives of di /errbutylamine 
Both groups independently discovered the high activity of 1 2 2 6 6- 
pcntamethylpipcridine {Pcmpidme, VI 67) and of compounds related to it 
Some of the results are shown in Tables VI 16 and 17 
Because of the long duration of action of these compounds 
the comparisons of their activity relative to Hexamethomum 
cannot be particularly accurate Spinks, Young, Famngton, 
and Dunlop (1958) used Mecamylamme as the standard, 
and as the dose of this compound required to produce a 
particular degree of block was, m their experunents, about 
the same as, or sb^tly less than, the dose of Hexamethomum, the values of 
the equipotent molar ratios of the analogues of Fempidme can be taken as 
being approximately the same as the ratios relative to Hexamethomum 
Estimates of the value for Pempidtne vary considerably, Come and Edge 
(1958) obtained the value 0 96, Spinks, Young, Farrington, and Dunlop (1958) 
obtained the value 0 43 This emphasizes the difficulties inherent in companng 
long actingcompounds of this type On the{parasympathctic)ciliary ganglion, 
Come and Edge obtained the value 0 32 to 0 65 for Pcmpidme relative to 
Hexamethomum and the effects lasted from one and a half to ten times as 
long 

Activity appears to depend greatly on the number of methyl groups adja- 



Me 

Fempidme, VI 67 
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TADLE VI 16 


Ganglion Blocking Activity of Analogues of Mecamylamine 




Equipotent molar 
ratios relative to 
Hexamethomum on 



the cat’s superior 
cervical ganghon 


R = H(VI60) 


= Me {Mecamylamine) 



R » Me 
= Et 



R « H (VI 61) 

= Me 

0 98 

12 


R =. H(VI62) 

= Me 

1 7 

30 

,,Me 1 

{Pempidate) 

0 96 


Come and Edge (/9J5),* Edge, Conte, Lee, and IVragg {1960) 


TABLE VI 17 


Ganglion Blocking Activity of Analogues o/Pempidine 



Equipotent molar ratios 
relative to Afeaimylomtiie 
on cat's supenor cervical 
ganglion 

2 2 6-TnmethyI piperidine 

33 

2 2 6 6'Tetrametbylpipendine 

0 59 

2 2 6 6'Tetramethyr-N*methyIpipen<Iinc 

043 

2 2 6 6-Tetramethyl-N-ethyl pipendine 

0 33 

2 2 6 6-TetramethyI N n propyl pipendine 

0 46 

2 2 6 6-Tetramethyl-N-/i butyl pipendine 

0 57 

2 2 6 6-Tetramethyl N-allyl pipendine 

0 77 


Note - The ratio for Mecamylamine relative to Hexamethonium in this work was 0 89 
(Come and Edge obtained the value 0 98), consequently the figures on this table are 
approjumately the same as the ratios relative to Hejcamethomum Note, however, that m 
these experiments the ratio for Hexamethomum relatiw to tetracthylammonium was 0 34 
(cf 0 028 m Table VI 8) 

Spinks, Young, Farrit^ton, and Dunlop (79JS) 
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cent to the ammo nitrogen atom Hie loss of a single methyl group m either 
Mecamyhmme or Pmpidine reduces activity very markedly (Tables VI 16 and 
17, qualitative evidence for this is also to be found in the work of Rubinstein, 
Pedersen, Fakstorp, and Ronnov-Jessen, 1958) An increase m the degree of 
substitution on the ammo nitrogen atom, on the other hand, appears to 
increase activity The ethyl and n propyl analogues of Pempidme are more 
active than Pempidme itself, and Dmecamin (VI 68, Vejdclek and Protiva, 



Dimteo/nin VL68 Penhexamme VI 69 


1958) appears to be slightly more active than Mecamytamine The structure 
of the saturated nng does not seem to be particularly important Protiva, 
Rajsner, Trcka, Vanecek, and Vejdelek (1959) found comparable ganglion 
blocking activity in N N I 2 2pcntametbylof/ohexylamme {Penhex 
amine, VI 69), and Vejdelek and Trcka (1959) observed sumlar high activity 
in compounds such as N dunethyl (112 2 tetramcthyl) n propylamine 
{Penbutamme, VI 70) which contains no nng at all The equipotent molar 



ratios for Dmecamin, Penhexamme, and Penbutamme on the cat’s supenor 
cervical ganglion relative to Mecamylamme appear to lie between 0 5 and 1 0 
It IS interesting to compare this activity of Penbutamme with the ratio of 
about 10 relative to Mecamylamlne obtained by Spmks, Young, Famngton, 
and Dunlop for N dimethyl (113 3 tetramethyl)*n butylamme (VI 63) 
on the same preparation 

Although the effects of these non quaternary compounds on the blood 
pressure could be due to an action on the central nervous system, smee they 
should readily penetrate the blood brara barrier, there is evidence that they 
do not act m this way, nor byblocking conduction m nerve trunks Substances 
such as Mecamylamlne have some direct effects on muscle (Bennett, Tyler 
and Zaimis, 1957), but only in relatively high concentrations, for they are not 
particularly active at the neuromuscular junction It seems that these sub- 
stances act at gangha in a manner similar to that of Hexamethomum Come 
and Edge (1958), for instance, found that Pempidme had no ganglion stimu 
lant activity and did not cause contracture of the frog rectus preparation The 
quaternary analogues do not appear to have been studied m detail, but 
Spmks, Young, Farrington, and Dunlop (1958) state ‘Quatemization of the 
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tertiary amines caused loss of persistence some quaternary compounds were 
highly active, but their action was rapid m onset and transient’ 

The differences between the pharmacological properties of the quaternary 
and non*quatemary ganglion blocking agents appear to be asenbaWe only 
to physical differences in their relative ease of penetration 
While it IS acceptable in theory, and cxpcnmcntally observed m fact, that 
secondary and tertiary bases should penetrate membranes by virtue of their 
abihty to exist partly in an unionized fat soluble form, there are certain 
difficulties Blackman and Ray (1964) have pointed out that both 
amme and Pempidme are very strong bases with pKo values between 1 1 and 
12 At body pH less than 1 part m 10,000 will be present in the unionized 
form, and this seems a very small fraction to account for the penetration of 
these compounds through membranes, even though the rate of penetration is 
slow Clearly more information is needed about the ways m which molecules 
of all kinds penetrate membranes 

Specificity of Drags for Pardcalar Ganglia 

It would be very useful to know what factors favour ability to block one type 
of ganghon rather than another The use of ganglion blocking agents in the 
treatment of high blood*pressure depends upon their ability to block sympa- 
thetic ganglia, and it is the blocbng activity at parasympathetic ganglia 
which leads to the undesirable side effects of the drugs Some attempts have 
been made to measure activity at both types of ganglia, but most ganglion- 
blocking agents appear to block sympathetic and parasympathetic ganglia to 
about the same extent Although there are some substances, e g among the 
ethers m Table VI 1 1 , which appear to block one type of ganglion rather than 
another, it must be remembered that estimates of abihty to block para- 
sympathetic ganglia obtained using the guinea pig ileum stimulated by 
dimcthylphenylpiperazmium cannot be very reliable 
There do, however, appear to be detectable differences between the re 
ceptors m the ganglia and those in the adrenal medulla The ability of some 
drugs to stimulate the adrenal medulla more than sympathetic ganglia has 
already been commented on in connexion with the actions of drugs such as 
the phenyl ethers of choline and dimcthylphenylpiperazmium (page 156) 
Gardier, Abreu, Richards, and Hcrrbch (1960) have found that N N di- 
wopropyl-N -fropentyl N'-dicthylammo-cthyl urea (VI 71) appears to block 

MoPrv If /CH,CH,CHMe, 

>N C-N< 

CroPK \CH,CH,-NEt, 

VI 71 

cbohnergic transmission in the adrenal medulla, but has only a feeble action 
at sympathetic gangha If this substance really acts as a blocking agent at the 
cbohnergic receptors m the adrenal medulla, these must be distinctly different 
m structure from the receptors in the ganglia 
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Relationships Between Structure aDd Ganglion-blocking Actirity 
Two factors must be considered, how far changes in structure alter efficacy 
and how far they alter affinity The relationships between structure and 
stimulant activity at ganglia have already been discussed (page 157), and 
stimulant activity indicates the presence of efficacy, though not in any 
quantitative fashion Ing (195Q suggested that ‘in any ganglionic stimulator 
which contains one methylated onium atom replacement of all the methyl 
groups by heavier groups will convert the compound into a purely blocking 
agent' and also that 'the more powerful a stimulator the methylated onium 
salt IS, the more powerful a blocking agent the analogous ethylated omum 
salt will be’ 

These suggestions appear to be partly true, but require some modiiication 
The first observation seems to be borne out by experience All known 
ganglion stimulants possess one or more methyl groups attached to the 
omum atom, many compounds possess three, and any increase m the size 
of the groups attached to the onium atom leads to loss of stimulant activity 
These compounds with no efficacy derived from powerful stimulants might 
well be expected to be powerful blocking agents, provided the change which 
has destroyed efficacy has not also destroyed affinity Since the affinity 
depends to a considerable extent on the part of the molecule other than the 
onium group, the substitution of relatively small groups, such as ethyl, in 
order to destroy efficacy, should result in a molecule with high affimty and 
no efficacy which should be a competitive ganglion blocking agent The 
substitution of larger groups on the onium atom might destroy affinity as 
well as efficacy, but this does not necessarily follow, because these groups 
themselves might contribute to the affinity of the molecule 

These considerations however fail to take account of the molecules which 
both stimulate and block As at the neuromuscular junction, not enough is 
known yet about the conditions connecting depolarization and desensitiza 
tion, if these are, m fact, connected There does not appear to be any reason 
why a molecule should not be found with very high affinity for the type B 
receptors in the ganglia (page 135) which would be a potent ganglion blocking 
agent of a type not considered by Ing 

The relationships between structure and ganglion blocking activity of the 
type assumed to he competitive have been discussed by GiU and Ing (1958^ 
and by Gill (1959) There is considerable evidence that the attachment of 
his omum salts to the receptors tn ganglia involves two points, the receptor 
group binding one cationic head and an ‘anchormg’ group binding the other 
These groups are considered not to be identical and this view is consistent 
with the results of the experiments with asymmetrical bis onium salts In 
these and more especially, in other types of molecule, attachment by van 
der Waals’ forces at points intermediate between the two receptor groups may 
be very important With the long polymethylene bis tncthylammonium salts, 
for instance, the gradual increase m activity with chain length is consistent 
with attachment of one omum group at the receptors and van der Waals’ 
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forces along the length of the chain Ganglion-blocking activity appears to 
be associated to a very considerable extent, e g in substances like Mecamyl- 
amme and Pempidtne, wth the presence of large groups close to the onium 
nitrogen atom (even m the non-quaternary compounds the ammo group of 
most molecules will carry a proton) The stenc hindrance, for instance, is 
sufficient for it to be quite difficult to methylate Dimecamin For this reason 
It would seem likely that the attachment of most mono-omum ganglion 
blocking agents involves van dcr Waals* forces m the region close to the 
receptor-group binding the onium nitrogen, rather than additional receptor 
groups Possibly the molecules even act by virtue of their bulk in this region. 



One possible additional receptor group would be that which interacts 
with the oxygen atom of choline phenyl ether, assuming Key’s hypothesis 
that this IS important and should, for activity, carry a partial positive charge 
The difference between the activity of the optical isomers of nicotine indicates 
that in these compounds other factors must also be taken into account 
Possibly in the less active ( 4 -)-R-isomer the pyrrolidine ring is so placed that 
the affinity for the receptor is considerably reduced This suggests that there 
may be a limit to the size of the groups which can be tolerated at a particular 
position fairly close to the omura group The existence of anchoring groups 
■some ‘rtnfecr faistance away, "as ^uggeSteb ’uy 'Cilh mrti Tnig 
account for the stereospecifiaty of substances such as Trimetaphan and the 
Tropine derivatives discussed on page 161 It is possible, therefore, to draw a 
picture of the receptor (Fig VI 6), but it must be emphasized that such a 
picture IS entirely conjectural 

Acdons at Ganglia Other Than at Receptors on the Fostganghonlc Neurone 
Although It has been assumed that substances which stimulate or block 
transmission in autonomic ganglia do so by an action at the receptors on the 
postganglionic neurone, it is conceivable that they might also act at the pre- 
synaptic nerve terminals Riker and Szieiuawski (1959) have shown that the 
intra-artenal injection of acetylcholine close to the supenor cervical ganglion 
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of the cat causes the appearance of antidromic action potentiab in the pre- 
ganglionic fibres as well as of action potentials m the postganglionic fibres 
Similar results Viere obtained with tetramethylammonium, and the anti- 
dromic potentials were reduced by the pnor injection of Hexamethonium It 
was suggested that this shows that part of the actions of ganglion stimulant 
and ganglion blocking drugs may be at the prcsynaptic nerve-terminals, but 
it may be questioned whether such an action is important for most drugs 
which ha\e been studied so far 

Tetraethylammonium and compounds, such as HC 3 (page 138), are 
known, however, to interfere with the release of the transmitter at the 
neuromuscular junction, and a similar action in interfering with the release 
of the transmitter at ganglia might explain why recent estimates of the 
activity of tetraethylammonium (eg in Tables VI 7 and VI 17) make it 
appear much more active relative to substances such as Hexamethonium than 
earlier tests In recent work the drugs have been tested for their effects m 
reducing the sustained contracture of the nictitating m response to a con 
tinuous stream of impulses applied to the pregangliomc nerve trunk In 
early work the preganglionic fibre was stimulated only at regular intervals, 
producing a contracture lasting for a relatively short time, and the ganglion 
left for several minutes to recover between stimuli Chou and Eho (1947), 
for instance, stimulated for 15 seconds every 3 minutes A substance which 
interfered with the release of the transmitter would appear much more 
active m the tests using continuous stimulation than in the tests using inter 
mittent stimulation 

There may be additional ways of affecting conduction m ganglia Histamine 
has long been known to cause a release of adrenaline and noradrenaline 
from the adrenal medulla (Bum and Dale, 1926) and Konzett (1952) Bum 
and Trendelenburg (1954) and Trandelenburg (1954) have presented evidence 
that histamine can stimulate sympathetic ganglia Gcrtner and Kohn (1959), 
however, have shown that, on the perfused supenor cervical ganglion of the 
cat, histamine depressed conduction but only when given in relatively high 
doses As a blocking agent it was rather weaker tban tetraetbylammomum 
and, m doses which did not themselves produce much effect, it increased the 
block produced by tetraethylanunomum or Hexamethonium and also that 
produced by substances such as tetrametfaylammonium or nicotme These 
results suggest^^ thou^ they do not prove^ that histamme acts at different 
receptors from those affected by tetraethylammomum and nicotine 

Gaddum and Hamced (1954) suggested that m the guinea pig ileum there 
are two types of receptor, one sensitive to mcotine and the other to 5 hydroxy 
tryptamme, and Trendelenburg (1956) has suggested that this may also be 
true m the supenor cervical gan^on of the cat When mjected mtra artenally 
close to the ganglion, 5 hydroxylryptamine produced a contracture of the 
nictitating membrane which was not blocked by Hexamethomum It appeared 
to be due definitely to an action on the ^nglion because there was no con- 
tracture if the ganglion had been remowd 

It IS difficult to see how far such receptors m the sympathetic ganglia may 
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be important pharmacologically, but it is not difficult to appreciate the 
importance of receptors m the ganglia of the intestine which are not cholin- 
ergic The picture of the autonomic connexions of the gut as being composed 
of sensory fibres leading to cholinergic parasympathetic gangha with post- 



Fio VI 7 Autonomic nervous connexions m the gut {diagrantmaUc) 

ganglionic parasympathetic fibres, and of postganglionic sympathetic fibres 
from the sympathetic chain (Fig VI 7) is almost certainly much too simple 
Ambache (1951) made use of Botuhnus toxin, which has a selective affinity 
for cholmergic nerve endings, to produce a cholinergic blockage In these 
conditions nicotine produced relaxation of the intestine, an effect similar to 



FIG VI 8 

+ susceptible to Botuhnus toxin 
— resistant to Botulinus toxin 

(.Ambache, 1951, Bnt J Tbarmzcol , reproduced by permission) 


that produced by adrenaline This effect was antagomzed by Hexamethonium 
and also by ephedrme (page 308) This suggests the existence of sympathetic 
ganglia m the intestine, and Ambache suggested that these and the para 
sympathetic ganglia might be interconnected in the way shown in Fig VI 8 
Much still remains to be explained, the aatagomsm of the action of nicotine 
by ephedrme, for example, and the findin gs of Ellis and Rasmussen (1951) 
G 
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that nicotine produced efiects, apparently by a nervous mechanism, on the 
intestine of dogs and rabbits even m the presence of atropine, antiadrenaline, 
and antihistamine drugs The complexity of the connexions in the intestine 
may well account for the difficulties expenenced m producing drugs which are 
really effective m the treatment of conditions such as those leading to the 
formation of ulcers 

Conclusion 

Many compounds are known which affect the transmission of nerve impulses 
across ganglia, some of these arc of practical value and something is known 
about how they act Nevertheless, it cannot be pretended that we really 
understand very much about what is going on, particularly in parasympa- 
thetic ganglia 
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III Postganghonic Cholinergic Receptors 


Transmission at postgangbomc cholinergic nerve-endings - Antagonism of the 
action of acetylcboline at postganghonic cholinergic receptors -Desensitization and 
tachyphylaxis - Uses of substances which actat postgan^onic chohnergic receptors 
- Testing of drugs on postganghonic cholinergic receptors preparations- Agonist 
activity - Antagonist activity 

AGONISTS Activity of simple omum salts - Effects of altering the onium group m 
acetylchohne - Effects of altering the acyl group in acetylcholine - Effects of altenng 
the chohne part of the molecule - Furntethide and S methylfurmethde - F 2268 and 
F2S81 - Muscarine and related compounds- Pilocarpine and arccolme- Relation 
ships between structure and stimulant activity 
ANTAGONISTS Antagonists developed from partial agonists - Atropme and 
related compounds - Derivatives of pseudoitopitit - Esters of tropine - Esters of 
other ammo-alcohols - Developments based on acetylchohne - Further esters of 
ammo-alcohols - Effects of altenng the ester link - Discussion - Conclusion 


Transmission at Postgangbomc Cholinergic Nerve-endmgs 
The receptors discussed m this chapter are those on muscles or organs 
innervated by parasympathetic nerves and by chohnergic sympathetic fibres, 
such as those supplying certain sweat glands, and the acetylchohne receptors 
on blood vessels, which may be innervated by cholinergic sympathetic 
fibres or may have no nervous connexions at all Anatomically the arrange 
ment of these nerve endings and muscle fibres is quite different from the 
arrangement at the neuromuscular junction or in ganglia There is no 
organized end plate, and the use even of the term ‘synapse may convey an 
impression of a greater degree of organization than is so far known to exist 
Part of the apparent complexity can be asenbed to the difficulty of studying 
such structures experimentally and part to the great variety of cells on which 
these receptors are located The most important receptors of this type are 
those m the heart, in the salivary glands m the stomach and intestine, in 
certain sphincters such as that of the bladder, m the circular muscle of the 
ms and m the ciliary body, in certain blood vessels and m the sweat glands 

Transmission at these sites is strikingly different from transmission at the 
neuromuscular junction and in gangha even though acetylchohne is the 
transmitter atboth types of site The effects are much less precise events may 
take seconds, whereas comparable events at the neuromuscular junction 
require only milliseconds 

One particularly striking difference is that, unlike voluntary muscle where 
the response to stimulation is all or none, the tension developed by smooth 
muscle fibres appears to be continuously variable up to the maximum of 
185 
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which the fibres are capable The fibres are actually composed of mady units, 
each of which may respond in an all or-none fashion, but the whole object 
functions as a syncytium (» e as a single structure) The response, therefore, 
appears to be continuously variable, though it may really be composed of a 
number of quanta 

The electrical events occurring at smooth muscle have been studied by 
Bozler (review, 1948), using external electrodes, and more recently by 
Bulbnng (review, 1957) The resting potential of most types of smooth 
muscle, recorded by direct measurement with an mtra-cellular electrode, is 
lower than that of voluntary muscle, being somewhere around 50 mV, but 
the potential vanes greatly with the tension of the muscle 
In experiments with the taenia cob of the gumea-pig, a Ihm longitudinal 
muscle located in the colon and easily dissected out, BUlbrmg (1954) ob- 

■J J MWI Ml ]-- 

no VII 1 EleciflcatandmechMicalrecordsfromtheXztnaQohoftheguineapig 
a micro^Uetrede hot Inserted mstde a single muse/e cell, and the record u c/lhe 
potential difference betiieen ihu and an electrode placed outside the cell supers 
imposed on the resting potential there is a series of spikes indicating depolarization 
The steady line shows the tension in the muscle and a eontracUont te an increase in 
tension, brought about in thb experiment by increasing the K* concentration, is 
associated with an increase In the frequency of the spikes and a slow depolarization 
of the membrane of the muscle ceil (ffolman, 1958 ) 

(From] Physiol , 141,464, 5(1958) Reproduced by permission) 

served a considerable amount of spontaneous activity There were slow 
changes in the tension of the muscle and m the polarization of the cell 
membrane Superimposed on these gradual fluctuations were a senes of 
spikes, rapid depolanzations occumng normally about once a second, but 
much more frequently dunng bursts of activity (Fig VII 1 , Holman, 1958) 
Blilbnng (1954) found that acetyicbohne (1 5 X lO-s m) caused a relatively 
slow depolarization of the membrane and an increase in the frequency of the 
spikes A similar effect was observed with histamine (ICH m), but adrenaline 
(I 5 X 10^ m) increased the polarization of the membrane and greatly 
reduced the frequency of the spikes, as well as reducing the tension in the 
muscle The frequency of the spikes increased with increasing tension in the 
muscle, and vice versa, but was not reduced by Hexamethonium (3 x 1(H- 
10-3 m) or by cocaine (2 x KHm, a concentration which blocks the peri- 
staltic reflex) It was reduced by a high concentration of atropine (around 
10 "^ m), lower concentrations did not alter the frequency, but did alter the 
response of the muscle to stretching (BUlbnng, 1955) 
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By analogy with the neuromuscular junction it might be supposed that 
acetylcholine is released m quanta from I3ie nerve*endings and that the spikes 
are comparable with miniature end plate potentials, but the size of the spikes 
(with suitable electrodes these are seen to be greater than the resting potential) 
and the failure of Hexamethonium or cocaine to reduce their frequency 
indicate that this is not so moreover, this particular tissue actually contains 
no nerve-cells The spikes arise as a normal consequence of activity in the 
muscle-cell and the action of acetylcholine must be upon the mechanism 
giving nse to the spikes, not, as at the end plate in the neuromuscular 
junction, by a depolanzation of the membrane itself There is thus some paral- 
lel between the smooth muscle of the taenia cob and cardiac muscle Although 
cardiac muscle was included in the list of tissues containing postganglionic 
choUnergic receptors, it may seem unjustified to compare such spontaneously 
active tissue with the apparently passive or intermittently active smooth 
muscle of the gut, etc The action of acctylchohne on the heart, for instance, 
is both on the rate of beating, i e on the pace-maker, and on the force of 
contraction, whereas the action on a piece of intestine is often seen, at least 
m vitro, simply as a contraction of the muscle The action of acetylcholine on 
the process in the pace maker which gives nse to action potentials and beating 
of the heart could well be comparable with the action on the process in the 
taenia cob which gives nse to spikes 

The action potentials and pace maker-potentials of heart muscle appear, 
like the action potentials m nerve fibres, to be attributable to the movements 
of ions through (he cell membrane, and Hutter and Noble (1961) and Noble 
(1961) have shown that it is possible to modify the sort of equation shown 
on page 50 to account satisfactorily for the shape of the action- and pace- 
maker-potentials It seems probable that the spikes observed with the taema 
coll may similarly be attnbuted to movements of ions (Bom and Buibnng, 
1956) and that the actions of substances bke acetylcholine, histamine, and 
adrenaline may be linked with changes in the permeability of the membrane 
to K+ and other ions The effects of acctylchohne on the resting potential of 
heart muscle-fibres, however, are different from those on voluntary or smooth 
muscle fibres such as the taenia cob Instead of becoming depolanzed the 
fibres become more polarized (review, Hutter, 1957), an effect thought to be 
due to an increase in the permeability to K*. 

Although, therefore, there are certain simiJantzes in the behaviour of all 
types of muscle and the effects of transmitters may be essentially the same for 
each, a modification of the permeability of tbe muscle membrane to ions, 
smooth muscle must be distinguished from voluntary muscle because of its 
charactenstically slower response, and heart muscle must be distinguished 
because acctylchohne increases polarization instead of decreasing it Yet m 
spite of the fact that the effects of acetylcholine on the polarization of smooth 
muscle are exactly the opposite of its effects on the polanzation of cardiac 
muscle, it will be seen that the relationships between chemical structure and 
pharmacological activity are remarkably similar at both sites, suggesting 
that the receptors are similar m structure 
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Antagonism of the Action of Acetyichoime at Postganglionic Cholinergic 
Keccptors 

The best-known antagonist of acetylcholine at these sites is atropine, and this 
appears to act by competition wjlh ace^kholine Clark (1926) observed the 
concentrations of acetylcholine which, in the presence of various concentra- 
tions of atropine, reduced the rate of beating of the frog heart to half He 
found that the drug-ratio (page 43) was constant except at very high and 
very low concentrations, and in 1937 showed that the results fitted Gaddum's 
equation A/a = 1 -f BKb (page 12) for competitive antagonism Clark 
used the results for acetylcholine alone (a) and in the presence (A) of one 
particular concentration of atropine (B) to calculate Kb, and then computed 
the other concentrations of acetylcholine which should produce the same 
effect in the presence of other concentrations of atropine 'ITie calculated and 
observed concentrations agreed remarkably well (Table VII 1) 


TABLE Vlt ] 

Antagonism of Acetyichoime by Atropine In the Frog Heart 


Atropine 

concentration 

Acetylcholine concentration 
reducing the rate of beating to half 

Observed 

Calculated 

0 


1 

10 ‘M 

1 6 X 10 ‘m 

J 3 X 10 'M 

10-1 

3 e X 10 « 

4 0 X Itr* 

10** 

25 X l0-» 

3 1 X 10** 

jo-» 

30x 10-* 

30 X 10 

10 * 

3 5 X 10-9 

30 X 10 » 

10-* 

47x10* 

1 3 0 X 10 * 


* This result was used for alculating Ke 
Clark (1926, 1937) 


Further evidence for competition was provided by Schild (1960) who 
observed that, with the guinea pig ileuni, the graph of the logarithm of the 
value, dose-ratio minus I, against the logarithm of the concentration of 
atropine was a straight line with a slope of unity Hie value of the loganlhm 
of the concentration of atropine for which the loganthm of the dose ratio 
minus 1 was zero should be —log Ko, and the association constant Kb for 
atropine and the receptors in the guinea pig ilcvan was found to be appioxi 
mately 10® ^ This is rather higher than estimates obtained from measunng 
pAs, 10® « (Schild, 1947) 

Marshall (1955) used the difference between pA 2 and pAio as an indication 
of competition (page 44) and obtamed results which suggested that the 
antagomsm of atropine with acetylcholine was non competitive, although the 
action of (— ) hyoscyamme (atropine is the racemate, see page 214) was 
apparently competitive This method is probably not as reliable as the method 
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used by Schild The errors attached to the estimates of pA may be quite 
considerable compared with the expected difference between the two values 
(see page 44) A better procedure is to plot the dose ratio minus 1 against 
the concentration of antagonist, if the antagonism is competitive the graph 
should be a straight line passing through the origin (Fig II 11) 

Although the actions of some antagonists of the muscanne like actions of 
acetylchohne have been tested to see if they are competitive (usually on the 
guinea*pig ileum for reasons of convenience), the vast majority of antagonists 
have not been tested in this way 

DesensitizatioD and Tachyphylaxis 

After large doses of acetylcholine, or of other agonists such as histamine, 
most smooth muscle*fibres become insensitive for a considerable time This 
‘tachyphylaxis’ might be due to desensitization produced m a way similar to 
that of substances like Decamethonium at the neuromuscular junction, or 
another explanation could be that, as proposed by Paton (1961), it is the rate 
of combination of drug with receptor which is important for obtaining a 
response, and after saturation of the receptors with the drug this rate can 
only be low Paton himself rejects this explanation for tachyphylaxis, because 
the insensitivity often extends to other agonists which act on different re- 
ceptors, and points out that the insensitivity could be due to metabolic 
exhaustion of the tissue, for instance, to depletion of K'*’ (Cantom and 
Eastman, 1946, Rand, 1957, Bulbnng and Bumstock, 1960) Whatever may 
be the explanation, and although the phenomenon is easy to demonstrate, 
there do not appear to be drugs which exclusively block the receptors by 
producing tachyphylaxis in a way analogous to the desensitization produced 
by Decamethonium at the neuromuscular junction An explanation for this 
may be that because the response of smooth muscle is not all or none, there 
is a wide range between the concentrations producing threshold and maximal 
effects Consequently it is impossible to overlook or avoid the initial stimula 
tion which would be charactenslic of antagonists of this type 

Uses of Substances Which Act at Fostganghonic Cbohnergic Receptors 
Substances which act like acetylcholine at postganglionic cholinergic sites 
(sites of the muscanne like actions of acetylcholine), find a very limited use in 
circumstances where it is desired to stimulate the parasympathetic, possibly 
because it is not functioning satisfactonly Such drugs are used, for example, 
to overcome retention of unne when the wall of the bladder fails to contract 
or the sphincter fails to relax, also m the condition known as post operative 
paralytic ileus, in which, for some reason, the gut is distended with gas 
which is expelled by the contraction induced by the acetylchohne like drug 
Another use is m glaucoma, a disease in which the pressure inside the eye is 
too high and stimulation of the cholinergic receptors in the aliary body may 
relieve the pressure because contraction of the cihary body improves drainage 
through the nearby canal of Schlemm, it also causes the lens to become more 
spherical and focused for near vision In practice, substances which have the 
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muscanne like properties of acetylcbohne do not act long enough to be of 
lasting value and anticholinesterases are normally used instead (page 243) 
Antagonists of acetylcholine have a vanety of uses Atropine or hyoseme 
(sec below) is routinely used pre-opcrativcly to stop secretions which may be 
stimulated to excess during anaesthesia and cause the patient to drown (ether 
IS a particularly effective stimulant of bronchial secretion), and it will also 
protect the heart from excessive vagal stimulation which might anse during 
the operation and stop it How far this is genuinely likely to occur is difficult 
to assess, because an atropine-like drug is invariably used to stop secretions 
Atropine like compounds are also useful as antidotes for poisoning with 
an anticholinesterase The immediate toxic effects due to the accumulation of 
acetylcholine are at the postganglionic cholinergic receptors m the heart, 
intesUne, salivary glands, and eyes and should all be blocked by atropine 
In order to examine the eye it is often necessary to dilate the pupil, and 
to rest the eye it may be necessary to paralyse the accommodation, for both 
these purposes substances acting like atropine are useful, although usually 
atropine itself is not used because its effects last too long 
One of the greatest potential uses of atropine like compounds is to reduce 
gastric scCTction and gastne and lotesfmal motility in patients with ulcers 
This has been mentioned m connexion with ganglion blocking agents, and 
the large number of compounds which have been tested and marketed is a 
fairly good indication that no particular compound is outstandmgly effective 
Testfog of Drugs on Postgaogliomc Cbofanergic Receptors 
Preparations 

In studying the actions of drugs on postgangbomc cholinergic receptors it is 
impossible, except when the receptors are part of the sympathetic system 
to separate them from the ganglia which innervate them In Loewi’s expen- 
ments with the perfused hearts (page 80) for instance it is not impossible 
that the acetylcbohne liberated from the first heart onginates from the para* 
sympathetic gangha and acts on receptors m the parasympathetic ganglia of 
the second heart Perry and Talesnik (1953) have, in fact, shown that the 
slowing of the heart produced by small doses of acetylcholine is reduced or 
blocked by Hexamethomum and consequently is at least partly due to 
stimulation of the intracardiac ganghon cells of the vagus rather than to an 

postganglionic cholinergic receptors are more sensitive to acetylcholine than 
the receptors in ganglia This is seen id the actions of acetylcbohne on the 
blood pressure In the cat, a small dose (about 10 nMoIes, 1 nMole = 10 ® 
g Mol ) produces dilatation of certain blood vessels and a consequent fall 
m blood pressure larger doses (about 250 nM) also slow the heart It is only 
with very much larger doses (about 25 nM) that there is a nse in blood pres 
sure because of stimulation of the sympathetic ganglia and, possibly, of the 
adrenal medulla 

The ability of drugs to lower the blood pressure is accordingly often used 
for estimating muscanne-hke activity and should be abolished by atropine 
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This experiment can be performed in an anaesthetized animal, usually a cat 
or a rat, or in a ‘spinal’ ammal in which the brain has been destroyed In the 
latter, respiration must be maintained by a pump because the respiratory 
centres in the medulla will no longer be functioning The blood pressure can 
be recorded directly fay a mercury manometer connected to the carotid 
artery and drugs are given by injection usually into the femoral vein It is 
also possible to record the blood-pressure in conscious animals by suitable 
pressure-gauges The chief disadvantage of this type of experiment is that the 
drug is exposed to the action of destroying enzymes all over the body, the 
cholinesterase of plasma often being particularly important Although it may 
yield information about the possible clinical effects of a drug it may not be a 
rehable indication of its fundamental activity 

Drugs can be tested for their effects on the rate and force of the beating 
of an isolated heart In the preparation described by Langendorff (1895, 
Gunn, 1913), a cannula is inserted into the aorta and the perfusion is back- 
wards, through the coronary circulation, the pressure of the perfusion fluid 
closing the valve m the left ventricle In the preparation used by Straub 
(1910), the cannula is passed through the valve and into the left ventricle, 
but even in these conditions the chambers of the heart are not filling and 
emptying normally More normal conditions are achieved m the heart-lung 
preparations of Jerusalem and Starling (1910), Patterson and Starling (1914) 
and of Evans, Grande, and Hsu (1934), but these are much more comph- 
eated, and the drug is exposed to destruction, e g by enzymes m the blood 
Useful information may be obtained with a much simpler preparation, ob- 
tained by dissecting out only the auricles of a guinea pig or rabbit heart 
and mounting these in an organ bath These should continue to beat regu 
larly, and the effects of drugs on the rate and force of the beat can be re- 
corded by fixing one end of the preparation and attaching the other to a 
light lever 

The actions of drugs on the postganglionic cholinergic receptors of the gut 
can readily be studied on the isolated guinea pig ileum (page 144) and in 
whole, anaesthetized, animals by attaching threads to a portion of the gut and 
recording the movement with a suitable system of pulleys and levers 

ESsets ca sshv&tioti caa be stitdied caanulatias the sahrac}' daef, 
usually of a cat, and collecting the effluent, using some kind of drop-recorder 
to measure the flow (Bulbnng and Dawes, 1945, Brown and Quinton, 1957) 
Salivation can be induced either by stimulation of the nerve supply, the chorda 
tympam, or by injecting a muscanne like compound Gastnc secretion is 
more difficult to study, but it is possible to measure both the volume and the 
acidity of gastric juice produced in response to administration of a muscanne- 
hke drug (Ghosh, 1958, Ghosh and Schild, 1958) 

The actions of drugs may also be studied on the urinary bladder Loune 
(1952) has described a method of mounting this which is rather similar to the 
Trendelenburg preparation (page 14^ The ureters, conveying the unne from 
the kidney to the bladder, are tied off and the exit (the urethra) is cannulated 
The bladder (upside down) is filled with physiological saline and immersed 
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m an organ bath There is a shght bead of pressure between the fluid inside 
and outside the bladder, the greater pressure inside keeping the bladder 
distended Drugs are added to the outer bath and their effects on this pressure- 
head can be recorded by means of a suitable piston-recorder 

The actions of drugs on the pupil of the eye can readily be observed m 
small animals such as mice The pupil contains two muscles, the radial, 
which IS sympathetic, and the circular, which is parasympathetic Contraction 
of the radial muscle dilates the pupil, whereas contraction of the circular 
muscle, operating in the same way as pulling the strings of a sponge bag, 
constnets the pupil A drug which antagonizes the actions of acetylcholine 
should block the action of the parasympathetic and lead to dilatation of the 
pupil (mydnasis) Pulewka (1932) and Ing, Dawes, and Wajda (1945) have 
used the size of the pupil of the mouse to measure this effect The size of the 
pupil (measured with a binocular microscope) should depend upon the degree 
of block of the parasympathetic cholinergic receptors, and also upon other 
factors including the sympathetic tone Although it is not possible to measure 
the degree of antagonism of acetylcholine as such, it is possible to compare 
the effects produced by different antagonists by comparing the mean size of 
the pupils of groups of mice at a standard time after the injection of the 
drugs A graph of pupil size against log dose is hnear over part of the range, 
and these graphs can be compared for different drugs 

Singh Grewal (1951) has modified the test so that it can be used for sub- 
stances which act Uke acetylchohne Mice are given a standard dose of 
atropine together with different doses of the acetylcholme-like compounds 
Over a certain range the size of the pupil should then be inversely related to 
the logarithm of the dose of the drug It might be possible to modify this 
test stiU further and, by a judicious selection of the doses of agonist and 
antagonist to offset the dilatation by the constriction The test could then be 
used to analyse the antagonism to see if it were competitive, but this does 
not appear to have been tried The method is probably too tedious and com- 
pheated to be convement 

The actions of drugs on the blood-vessels can be studied on such prepara- 
tions as the perfused rabbit’s car or the perfused dog’s hind limb or rat’s 
hindquarters The perfusion is made through the arterial supply and the 
effluent collected (on a tray or overa funnel, there is no need to cannulate the 
veins) The effects of vasodilator drugs on the rate of flow can easily be 
studied, but vasoconstnetor drugs are more difficult to work with because 
too large a dose may stop the flow altogether and the drug cannot be washed 
out In all expenments involving atropine (and possibly other esters) and 
rabbits the results may be greatly complicated by the presence in some 
animals, but not others, of an enzyme which hydrolyses atropine (Ghck, 
1940) 

Agonist Activity 

With all the preparations listed above, except the perfused blood-vessels, it 
may be necessary to show that the drugs really affect the postganglionic 
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cholinergic receptors and not the receptors m parasympathetic ganglia If 
the effects are not modified by ganglion-blocking agents the agonist activity 
of one drug relative to another can be determined by comparing the con- 
centrations which produce identical effects and, if the dose-response curves 
are parallel, expressed as an equipotent molar ratio In tests using the blood- 
pressure, heart, intestine, and bladder, the time course of the action should 
be clear In tests using salivation, gastric flow and perfused blood vessels 
results may be complicated by a time lag before the response In experiments 
with the eye the effects are usually measured after a standard time interval and 
give no impression of the time-course of the action of the drug In this test 
matters are further comphcated because the drugs are often given by intra- 
pentoneal injection, and the results may depend upon the relative rates of 
absorption It is with the blood pressure, heart, intestine, and bladder, 
therefore, that it is easiest to see whether drugs are capable of producing 
identical effects and, accordingly, whether an estimate of the equipotent 
molar ratio has any meaning 

Although measurements of the concentrations of agonists which produce 
half the maximal response (pD is the logarithm of the reciprocal of this 
concentration, page 8) have sometimes been made, it is possible only m a 
few instances to measure agonist activity properly in terms of association 
constants and efficacy (page 9) More fundamental information about the 
actions of drugs might also be obtained by studying their effects on electrical 
events m the tissues rather than the gross physiological response This type 
of expenment, however, will have to wait until more is known about the 
significance of those electrical events which have been observed so far 

Antagonist Acimly 

In the tests with the blood pressure, ileum, bladder, and blood vessels, 
antagomsts of the actions of acetylcholine will have httle effect on their 
own On the heart, salivation, gastric juice, and the eye, antagonists will 
produce an observable effect - increased pulse rate, decreased secretion, 
dilatation of the pupil - because there is normally a balance between the 
sympathetic and the parasympathetic and this has been disturbed Even 
with the latter group of preparations, however, it is more convenient to 
study the effect of an antagonist on the response to an agonist, rather than 
to use the response to the antagonist alone as an effect on which comparisons 
are based The normal salivary flow, for instance, is relatively low, and a dose 
of atropine will usually either abohsh it completely or fail to produce a 
detectable effect The comparison of atropine like drugs in these conditions 
could, accordingly, only be made at one dose level If an agonist is used to 
stimulate the flow, however, quite a range of concentrations of antagonists 
could be studied and the drugs compared more adequately 

In expenments with isolated intestine the effect of an antagonist on the 
spontaneous activity may be observed, but if a stimulant is used (e g acetyl 
choline or Carbachol) a wider range of concentrations of antagonist can be 
studied With guinea pig intestine spontaneous activity is very slight, which 
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IS an advantage if accurate assays are to be made On this preparation an 
antagonist must be tested for its effects in antagonising an agomst or the 
effects of transmural electrical stimulation as described by Paton (1955) 

The measurement of antagomst activity m terms of the affinity constant 
could, in fact, be undertaken with almost all the preparations listed above 
The evaluation of Kb by determimng the dose ratio over a considerable range 
of concentrations of antagonist is more rcLable than estimates only of pA 3 , 
but these are often quite reasonably consistent and informative Complica- 
tions seem chiefly to arise when the development of equilibrium with the 
antagonist is slow This is particulariy noticeable with atropine itself and 
probably accounts for the differences bclRCcn Kb determined graphically 
and Kb as detenmned from pAa (page 188) Schild (1947), for mstance, 
observed that after 2 minutes contact with the guinea pig ileum the pAa for 
atropine was 8 27, whereas after 14 minutes it was 8 61 With other substances 
equilibrium appeared to be reached much more rapidly, the corresponding 
figures for the drug Pethidine were 5 79 and 5 84 respectively With quater 
nary compounds, where there should be no complications arising from the 
passage of drug into the cells, the achievement of equihbnum should be 
particularly rapid and estimates of Kb from pA® correspondingly more 
rebable 

In spite of the ease with which Kb could be detenmned, the activities of 
many compounds have often been expressed only m terms of that of another 
antagomst (usually atropine) If these are expressed as an equipotent molar 
ratio the value for Kb can easily be deduced from that of atropine 

AGONISTS 

Acbnty of Sunple Omam Salts 

Compared with their effects at the sites of the mcotine-hke actions of acetyl 
chohne, simple onmm salts are only feeble at the sites of muscanne-hte 
activity At the receptors m the heart and gut the equipotent molar ratio of 
tetramethylammomum relative to acetylchohne is of the order 500 to 1,000 
(Clark and Raventos 1937) Higher tetra alkylammomum salts, such as 
tetraethylammoTiium and tetrapropylammomum, were only antagonists 
(KOlz, 1923) Agomst activity in alkyltrimethylammonium salts, however, 
depends on the length of the alkyl group and is maxunal m n pentryltn 
methylammonmm (Table VII 2) The chain length appears to affect both 
affinity and efficacy (Stephenson, 1956), affinity mcreasmg almost m a geo- 
metncal progression The value of K for n heptyltrunethylammonium was 
41 X 10*, for the n octyl compound, 63 x 10*, for n nonyl 110 x 10*. and 
for n-dccyl 190 X 10* The effects on efficacy are entirely different there being 
a decline from tetramethylammomum to ethyltnmethylammomum and a 
trisTimmn at « butyltnmethylammomum and n pcntryltnmethylammomum 
If the equipotent molar ratio for tetramethylammomum relative to acelyl- 
chohne is ^cn as 1,000, the value for n pcntyltnmclbylammonium relative 
to acctylcholme should be of the order of 10 This appears to be about ngbt, 
m a direct companson, Ing, Kordik, and Tudor Williams (1952) obtained the 
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ratios 66 on the cat blood pressure, 44 on rabbit auricles, 8 on the guinea pig 
ileum, and 325 on the frog heart Welsh and Taub (1950, 1951) obtained the 
value 70 using the heart of the clam, Venus mercenaria, but the receptors in 
this tissue appear to resemble those at the sites of the nicotine like actions of 
acetylchoUne, being insensitive to atropine Although there is some vanation 
m the estimates shown in Table VII 2, particularly with certain preparations 

TABLE yitJl 

Activity of AlkyUrimethylammonlum Salts Eqmpotent Molar Ratios Relative to 
Tetramethylammonlum 



K= Kul2ll92S) R = IiavenlosU937) Aatidh^ AllesandKnoefel(I939) L = Lands 
{19$ T) IV tfelsh and Taeh {I9$0 1951) VR and A Van Rossum and Anens 

{I9S9) S ^ Stephenson {1956) 

such as the clam heart, it is clear that the chain length has a profound efiect 
on activity and is optimal in the n pentyl group 
Hunt and Renshaw (1925) tested the phosphorus arsemc antimony, and 
sulphur analogues of tetramethylammonlum on the blood pressure of the 
anaesthetized cat and found that these were all less active than the quaternary 
ammonium compound The arsenic and antimony analogues were about 
equiactive and less active than the phosphomum compound which was less 
active than tnmethylsulphonium 

Phenyltnmethylammonium and benzyltnmethylammonium were shghtly 
more active than tetramethylammomum in causing a fall in the blood pressure 
of the cat (Hunt, 1926), but p pbenyJethyltnmethylammonium was virtually 
inactive (Hunt and Renshaw, 1933) 
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Effects of Altering the Onium Group in Acetylcbokne 
The effects of altering the omum group m acetylcholine itself have been 
discussed by Ing (1949), Ing, Kordik, and Tudor Williams (1952), and Scott 
(1962) Some ofthe results are summarized in Table VII 3 Activity appears to 


TABLE VII 3 

Aethity of Acetoxyethyl Onium Sabs Equtpotent Molar Ratios Relathe to 
Aeelyleholuu 


CHsCOOCH CHa- 

Cat blood pressure 

Intestine 

Frog heart 

NMea 

1 

1 (Rabbit) 

I 

NMesH 

50 

40 

50 

NMcHt 

500 

1000 

500 

NHa 

2000 

20 000 

40 000 


Slehle Afe/ri//e, end ' 

Oldham (1936) 


NMeaEl 

3 

25 (Guinea pig) 

2 

iiiMeEis 

400 

700 

1,500 

i^Ef* , 

2000 

1 700 

JOOOO* 

Dts A 1 

150 

JOO 

75 

TnsA 

20 000 

20 000 

12,500 


Da A - (CHjCOOCHiCHj)j-NM«j Tns A - (CHsCOOCHjCHilj^NMe 


Holion ending U949i 






PMes 

13 

12 (Rabbit) 

12 

AsMea 

66 

90 

83 


1 

1 

1 

ke(m6) 


SMea 

50 

30 (Guinea pig) 

96 

Ing Kordik and Tinbr fVtlllems (1952) 



Size of quaternary atom 


N 

P 

S 

As 



<f=»t47A rf«24 

1 S7 3 05 

lg2 — 

198 3 23 


* Reduces effect of acetylcholine 

be dependent upon the size of the central onium atom, although the sul 
phomum analogue is less active than the phosphonium analogue Ing (1949) 
pointed out that although actm^ is reduced by the replacement of one 
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methyl group by ethyl, the replacement of a second methyl group produces a 
much greater decrease he suggested that this could be explained by supposing 
that the onium group is adsorbed at a plane surface or hemispherical cavity 
(page 1 1 8) Replacement of one methyl group would still leave two attached 
to the omum atom so the molecule could still be adsorbed, although only 
in one conformation With replacement of the second methyl group by ethyl, 
the ability to fit should be destroyed completely The work of Scott (1962), 
however, has shown that the a^ity is increased when methyl groups are 
replaced by ethyl in the onium group, being greater for the ethyldimethyl and 
methyldiethyl compounds than for the tnmethyl or tnethyl the decrease m 
activity brought about by replacing tnmcthylammonium by ethyldimethyl 
ammomum can be ascnbed to a drastic reduction m efficai^ It seems likely, 
therefore, that it is necessary to compromise and suppose that it is the size 
of the onium group, and the need for at least two methyl groups attached to 
It which is necessary for efficacy It would, of course, be helpful if more was 
known about the mode of action of acetylcholine so that the meaning of 
‘efficacy’ could be understood 

Effects of Altenng the Acyl Group m Acctylchohnc 
Replacement of the acetyl group in acetylcholine by other acyl groups 
invanably leads to a decline in muscarine like properties The activity of 
some of the simpler ahphatic esters of cholme is shown in Table VII 4 


TABLE Vll4 

Aetn iiy of Esters of Choline Eqmpotent Molar Ratios Relative to 
Acetylcholine 



A P and S = Abderkalden Paffraih mdSidcelil92S) Werlkeimer and Paffraih{l925) 
C and G = Clang and Caddum {^1933) Le H’= Le Heux {1921) S « Simonarl {1932) 
}V= WuTzel{l9S9) 


Homologues higher than butyrylcholme have been shown to be antagomsts of 
acetylchohne (Schneider and Tiniins 1957) Dimethylacryloylcholine and 
similar compounds have only feeble muscarine-hke activity (Hohnstedt and 
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Whjttaker, 1958), and this js also true of murcxirie and compounds related to 
It (Erspamer and GlSsser, 1958) Aromatic esters of choline, likewise, arc 
feeble The equipotent molar ratio for benzoyl choline relative to acetyl- 
choline on rabbit intestine, for instance, is of the order of 1,000 (Ackasu, 
Smha, and West, 1952 , Wurzcl, 1959), and phenykcctylchohne and p-phenyl- 
propionylchohne were considered by Hunt and Taveau (1911) to be devoid 
of muscanne like activity 

The most active esters appear to be those of carbamic acid {Carbachol, 
Vn 1, Kreitroair, 1932) and of formic acid Although the values for the 

N>-CH,CH,NMe, 

Carbachot, VIT 1 

equipotent molar ratio will be considerably influenced by the relative stabihly 
of the compounds, and Carbachol is much more slowly hydrolysed than 
acctylcholint^ it is clear that these compounds have appreciabJe moscanne- 
Iike activity, although they arc not as active as acctylcholme 


Effects of Altering (he Choline Part of the Molectile 
Either shortening or lengthening the chain tn acetylcboLne reduces nuscanne- 
Uke activity (Hunt and Taveau, 1911, Hunt and Renshaw, 1925, 1934) 
Acetyl nor<hohne (acetylformochohne, acetoxymetbyltrimetbylaamoaium, 
VII 2) is not very stable, but its feeble activity cannot be asenbed only to this 


VIU 


The addition of a branched methyl group to the chain markedly affects 
activity Acetyl « mclhylchoUae has nicotine like activity but little muscanne- 
hke activity, whereas acctyl p methylcholine {Af^cholyl) has muscarine hke 
activity but little nicotine like activity (Simonart, 1932) Acetyl p methyl 
choline was resolved by Major and Choe (1935) and it was found that the 
(4-)-isomer was much more active than the (•— )-isomer even though the 
(4-)-isomer is more rapidly destroyed by chohnesterase (Ghck 1938) The 
activities of the compounds arc shown in Table VIT 5 Ellenbroek and Van 
Rossum (1960) have shown that (+) acetyl p methylchohne has the S-con- 
figuration (VII 3) as might be expected by analogy with muscanne O’ase 


CHj- 


.CH,— ^Mej 
H 


vn 3 


211) Beckett, Qitherow, and Harper (1960) have shown that (+>-p-methyl' 
chohne has the S-configuration, whereas (+)-« methylchohne has the R con- 
figuration As acetylation does not alter the sign ofrotsUoa of the p-metbyl 
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TABLE VXI 5 

Activity of homers of Acetyl «* and ^Methyl Cholines Equlpotent Molar 
Ratios Relative to Acetylcholine 



1 

Frog 

heart 

1 

RaC 

intestioe 

Guinea pig 
ileum 

Cat blood- 
pressure 

(+)^,COOCHMeCH5>iMes 

63 

13 


0 75 

(±)-CHjCOOCHMeCHtNM i 

13 1 

25 


097 

(-)-CHjCX)OCHMeCHiNMei 

uoo ! 

400 


200 

(+)^COOCH!CHM5NMm 



28 

13 

(±>CHiCOOCH.aiMeNMei 



49 

35 

(->CH3COOCH»CHMcNMe3 



230 

140 


Illtnhroek and you Rossum (1960); Beckett, Harper, Cliiherow, and Lesser {1961) 


denvative, it seems hkely that (+)*acetyl-a methylcholme should be R 
(VIM) 


O — CH, H 

(+>'R acetyl « mclhylchobne, VII 4 


The thiO<ompounds, acetyllhtochohne and acetyl*p*melbyJtbiocboIjne are 
predonuQaolly nicotme*like compounds with feeble muscarine like activity 
(\Vurzel, 1959; Recshaw, Drcisbacb, Ztff, and Green, 1938) 

Ethers related to acetylcholine have been studied by Dale (1914) and by 
Sifflonart (1934) and more recently by log, Kordik, and Tudor Williams 
(1952) The relative activities of these compounds and of analogous ketones 
are shown m Table VII 6 The ketones have only feeble muscanne-like 
activity and of the ethers, even the most active, the ethyl ether of choline, is 
not much stronger than n-pentyltnmethylamraonium Aromatic ethers of 
chohne, like the aromatic esters, have negligible muscanne*like properties 
Some ^substituted pipcndinc derivatives, in which the choline portion 
forms part of a 6-membered ring, have been studied by Lands (1951) and 
are only feeble Themost potent, the acctylester of N*methyIpipendme-3-carl>- 
inol (Vn 5) was only as active as tctramelhylammoiuum when tested on 



VII 5 

rabbit intestine and on the isolated tortoise auncle Activity was decreased 
by quatcrmzation, the corresponding metho-^salt being less than half as 
active, as was also the metho-salt of the methyl ester of pipendme-3-catb- 
oxylic acid 
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TABLE VII 6 


Adhity of Ethers and Ketones Related to Acetykhohne Equipolent Molar 
Ratios Relative to Acetylcholine 
RNM« 



Cat blood- 
pressure 

Itabbit 

auricles 

Guinea pig 
ileum 

Frog 

heart 

CHj(CH*)jOCHr- 

49 

39 

61 

392 

CHaaijOlCH*)*- 

10 

22 

10 

22 

CHsO(CH*)s- 

39 

44 

98 

294 


66 

44 

8 

325 

CH4(CHi)iCOCHr' 

84 

1,700 

330 

5,000 

CHsCHjCOCCHj)*- 

Ooly pressor 

250 

670 

1,700 

CHjCO(CHi)3- 

Only pressor 

50 

80 

416 

CHsCOCHsCHr- 

ISO 

70 

167 

230 


10-30 

16 

12 

126 


1-3 

12 

0 34 

15 


Ing, Kofdtk, and Thdor Williams {1952) 


The compound methyK^tnnictbylammomum) propionate (VII6, Schu* 
c!ei and Keasling, 19S1) is isomenc with acetylcholine, difTenog from U only 
In that the ester group is reversed It is not hydrolysed by cholmesterases, and 


MeO^ 


C-CH,CH,NMe, 


VU6 


consequently estimates of its activity m whole animals are not very informa- 
tive, but It appears, nevertheless, to have apprenable muscanne-like activity 
It was found to be as active as acetylcholine on the (isolated) gumea-pig 
ileum The methyl ester of y-crotonic betaine (Vn 7 , Burgen and Hobbiger, 


[eO^ 


:C-CH=CH-CH,-NMe, 


1949) also has appreciable muscarme-like activity (m addition to mcotme- 
hke activity), the equipotent molar ratio relative to acetylchohne was 2 on 
the guinea-pig ileum, 10 on the frog heart, and 12 on the cat’s blood pressure 
Other unsaturated analogues have been studied by Jacob, Marszak, 
Bardisa, Marszak-Flcury, and Eplszlein (1952), and appreciable activity has 
been found in a number of compounds in which the choline residue has been 
replaced by a longer chain contaimng an acetylenic bond (Table VII 7) 
Muscanne-like activity on the cat heart has also been observed with 
unsaturated bis-omum salts which are analogues of Penfamethomum and 
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TABLE VII 7 

Actmiy of Analogues of Acetylcholine Containing an Acetylenic Bond 
Equipotent Malar Baths Relathe to Acetylcholine 



Dog blood pressure (fall) 

Rabbit 

intestine 

Normal 

After ! 
Neostigmine | 

CHjCOOCHjCSCCHaNMcs 

0 031-4 J2 

1 

25 

12 

CHsCOOCHiCHsCSCCHjNMej 1 

02S-&63 

— 

63 

CHiCOOCHMeC^CCHiNMej , 

025-062 

— 

25 

(±>CHjCOOCHMeCHjNMca (AftfAa/yO 

0^2 

40 

— 

HiT^a)OCHtCHi^Mc3iCarbachon , 

02 

4-0-82 

_ 

F2268 

003t-0]2 

50 ' 

_ 


Jacob, Marssak, Bardisa, Marstak Flalry, ondEpsztem U952) 


Hexamethooium (Schoepke and Sbideman, 1960) The most active appeared 
to contain the unit, -C^C-CHeNMca for the analogue (VII 8) of Hexa- 
racthomum the equipotent molar ratio relative to acetylcholine was about 2 5 

Me,NCH,CH,CHt-CsC-CHj^ea 

VH8 


Furmethide and S>MctbylfunnetbIde 

Fellows and Lmngston (1940) found muscarine like activity m 2 furfuryl- 
tnmethylaznmonzuni (Furmethide, VII 9) From a study of the compounds 



Furmethide, Vlt 9 


known to possess inuscanne*likc activity, Ing (1949) concluded that the length 
of the cham attached to the onium group was of very great importance and 
was optimal when it was comparable with the ‘five atoms’ (ignonng hydrogen) 
in acetylchoUne or pentyltnmethylammonium Accordingly, he thought it 
likely that the activity of Furmethide could be increased by lengthening the 
molecule and this expectation was fulfilled, S-methylfurmethide was consider- 
ably more active (Table VII €), being comparable with acetylchohne 

F 2268 aniF 2581 

A similar variation of activity with chain lerigth was found m a series of 
highly active compounds, 1 3 dioxolanes, studied by Foumeau, Bovct, 
Bovet, and Montezin (1944) Activi^ tras maximal m the methyl member of 
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the senes {F 2268’, VII 10, Table VII Q The higher members of the senes 
were antagomsts (Van Rossum and Aneas, 1959), and the effects of replacing 
methyl groups in the cationic head by ethyl groups were similar to those 
observed when similar changes were made to acetylcholine 


A 




F2^,VH 10 

Estimates of the activity of F 2268 vary considerably. On the cat blood- 
prcssum Carr and Riggs (IP5J) /ound that acetyicbohne, acetyl-p-meibyl- 
chohne, and F 2268 were all about equiactive, but on the dog blood-pressure 
and intestine and on bronchial muscle of the guinea-pig, Salle and Valadc 
(1954) reported that comparable effects were produced by doses of F 2268 
which were only 1 or 2 per cent of those of acetylcholine In the estimation of 


TABLE Vtl8 

Activity of F2268 and Analogues Equipotcnt Motor Ratios Relative to 
Acetykholtne 


:>CL.»» 



Dog blood* 

Rabbit 

Guinea pig 

Rat 


pressure 

mtesune 

ileura 

(VR and A) 

R R' 

_ 

_ 


— 

H H 

05-2-0 

10-50 1 

20 

160 

H Me {F226g) 

01-002 

01 

01 

0 91 

H Et 

10 1 

10 

10 

130 

H Ph 

inactive I 

— 

antagonist 

Me Me 


- 

— 

1,400 

Et Et 


1 - 



790 

/O-ra. 

CHaOl 

\d— HC-CH sNMej 



- 

091 

-NMesEt 



— 

27 

-NMeEts 

_ 

— 

— 

500 

-NElj 

— 

_ 

— 

7,900 

Carbachol 

— 

— 

— 

3 1 

Mecholyl 


“ 

— 

3S 


Note —All compounds tested as racemates 


VR and A = Van Rossum and Arleits (I959i OthernsullsfromFourneau.Boxet Bovet, 
end Men/erbt 
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the muscarine like activity of any compound, the results may be profoundly 
affected by differences in the chohnestcrase content of the tissues and of the 
stability of the compounds to this enzyme, estimates of the activity of F2268 
relative to acetylcholme, nevertheless, appear to vary more than might be 
expected The compound contains two asymmetric centres and it is possible 
that the composition of the mixture may vary from batch to batch, even 
though the raatenal is optically inactive Tnggle and Belleau (1962), for 
example, found that samples may contain more of the isomers m which the 
methyl and quaternary ammonium groups are on the same side of the nng 
than of the isomers in which they are on opposite side (60 per cent of the cis 
as opposed to 40 per cent of the irons) 


R — dn 


O — CH, 

\ ♦ 

CH — NMe, 
\ / 

O— CHf 


R = Mc,F25W,VII!l, 
R«H,F^5«0.V11 12 


Even higher activity on the blood pressure of the dog was observed in the 
compound F2SSJ (VII 1 1 , Tsatsas, 1950) The equipotcnt molar ratio relative 
to acetylchobne was about 0 007 and 0 7 for the demiethyl compound f 2JS0 
(VII 12) The ratio for both compounds was 0015 when they were tested 
for their ability to stop the dog's heart, but on rabbit intestine they were less 
active than acetylcholme, the ratio for both compounds being 7 


Muscarme aud Related Compounds 

Although the ability of muscarine to produce effects like those of para- 
sympathetic stimulation has been known since the work of Schrmedeberg and 
Koppe (1869) the chemical structure of the compound has only recently 
been worked out 'The early work was complicated by the supposed synthesis 
of muscanne (Schmiedebcrg and Hamack, 1877), the ‘synthetic muscanne’ 
was subsequently shown to be the nitrite ester of choline (Ewms, 1914) In his 
cfassiffcation of the actions ofacctyfcfiofinemto muscanne-iike and mcotine- 
like. Dale (1914) was aware of the differences between the two substances 
Choline nitrite is much less active than acetylcholme, Dale (1914) found the 
equipotent molar ratio relative to acetylcholine on the cat’s blood pressure 
was around 100 The compound has appreciable mcotme-hke activity and is 
not purely muscanne like 

Muscanne contains 3 asymmetne carbon atoms The relative positions of 
the groups were ultimately established by X-ray analysis (K8gl, Salemink, 
Schouten, and JcUinek, 1957), and the absolute configuration was deter- 
mined by a synthesis of (-I-) muscanne from glucosaminic acid of known 
configuration (Hardegger and Lohse, 1957, Fig VII 2) The chemistry 
has been reviewed by Eugster (1960) and the pharmacology by Waser 
(1962) 
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TABLE VII.9 

Actitity of Compounds Related to Muscarine' Eqiupotent Molar Ratios Relative 
to Acetylcholine 
— » 

M«.H 


' 

Me 

HO 

CH,NMe, 

Cic blood* 
pressure 
(W) 

Frog beart 

Rabbit 

(Oand 

U) 

Dog 

bladder 

(Oand 

U) 

OV) 

(VR) 




t 


052,0 30* 

45.54* 


0 55 

(H)98 

(±>MuJC<nQe 



t 

(r) 

07S 

97 

6-3 

10 

0 27 

(— >MuKtme 


t 



32 



130 

78 

(±)-£fte>ucariDe 


t 

t 

W 

230 

65,000 


230 

170 



i 

1 

W 

130 

4,500 


150 

49 

(±)*^l‘>l/mnuscarific 



1 

(1) 

7S 

3,600 

500 

220 

36 

(±>4ionnuscarmc 



f 

(f> 

580 

2,300 




( ±>-2-<lrtmethylmuxcanDC 


i 

t 

<f) 

79 

9.500 




(±)-2.<&metliyIcpiiRusctriDC 

— 


t 

(») 

550 

130 000 




(±>j4iethylmaacanne 


+ 

t 

(») 

650 

UOO 




(±)-3>pbenytffliuc&rice . 


* 

t 

(f) 

0-4S 

13 




(+)-Acetylmuxexnne . 



t 


0-54 





( j;)-4 : S.dehydiomuseannc 




(1) 

076 

61 




<±H S^dclirdfWp/mttsanBc 


t 


<f> 

15 

m 









.abAMe> 



Me 

CH,NMe. 






{+^Muicaro(ie . 

t 

t 


023 



0-15 

0051 

(^^-Moacarone . 

t 

f 

<r) 


5-0 


015 

0054 

(-)*Muwarooe . . 


i 


0076 

23 


0-065 

0-017 

(±V<>l/«rauscarooe . . 

t 

i 

(t) 

023 

6-1 


0 28 

0076 

(d;>'fl 0 r'.musearoae . 

t 

t 

(r) 

120 





(^l-T-drimctbylmuscarofM . 


t 

(t) 

48 

2.500 




(d:>4:S-debydramttscarone . 

t 


(f) 

0 II 

30 


0 50 

016 

(±)-l-(liiomuscarone 

t 

t 

(t) 

29 

290 





* The lint iifiue wis obuined wllb the chloride, the tecond with the Iodide 

Figures foe the rabbit Ileum and dog bUdder werecakulaied uusg the ratios 0 33 and 0 09S mpective); for 
(+) muscarine ralative to acetylcholine obulned by Fraser <1957) The symbol (r) indicttes a racemic mixture 
of which only one isomer is mdicited. — indicates the abseoce of a group and — that it is flat because it Is 
attached to a double bond 


IT- froJerf/lW./FW); fW- fin jforjimiCnWJ, OuviV— Gjrmik ami UmaitSSSi 


as in (+)-muscarine, only the position of the methyl group is different. The 
relative position of all three groups is clearly important, but whereas the 
hydroxyl and the onium groups arc polar, and could influence activity by 
becoming bound to the receptors by electrostatic forces or a hydrogen bond, 
the methyl group could only be bound by van der Waals’ forces, though it 
may influence the activation of the ring oxygen atom. The dramatic effects 
on activity of altering the position of the methyl group can probably, there- 
fore, best be explained by supposing that Jt (slerically) spoils the fit to the 
receptor when in the wrong position, although it does seem also to assist 
the fit when in the right position (i e. as in muscarine). The equipotent molar 
ratio for (±)-2-nietby]inuscarine, for Instance, is much greater than that for 
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(±)-2 rfejmcthylmuscanne (650 as compared with 79 on the cat) The activity 
of (±)-3 phenylmuscanne, however, is extremely interesting, because it 
indicates that in other parts of the molecule an appreciable increase in size 
does not necessarily reduce activity 1-Thiomuscanne, in which the oxygen 
atom of the tetrahydrofuran ring is replaced by a sulphur atom, is only 
feebly active This could be either because of the change in the size of the 
ring, which would alter the relative positions of the groups, or because of a 
change in the activation in the 1 position which might reduce attachment at 
that point (always supposing that this occurs at all) 

With the muscarones activity is increased and there is a dechne in stereo- 
specificity The most disconcerting finding is that (-}-) muscarone, denved 
from (-|->muscarine (Eugstcr and Waser, 1957), and therefore having the 
same configuration, is less active than (— ) muscarone, although the ratio of 
the doses producing similar effects is only about 3 
The muscarones also possess some degree of nicotme-Iike activity This is 
consistent with what is known about compounds which stimulate the sites 
of the nicotine like actions of acetylcholme it could be ascribed, for example, 
to the presence of the partial positive charge on the carbon atom of the 
carbonyl group (or to the partial negative charge on the oxygen, if Sekul and 
Holland s view is accepted, see page 159) Consistent with this view is the 
finding that activity on the frog rectus is greatest in (±)4 5 dehydro* 
muscarone (equipotent molar ratio relative to acetylcholine. Oil, for 
('-)*musc3rone the ratio is 0 30 and for (+>muscaroDe, I 2) This is not a 
spectacular degree of activity, although it is enough to compheate tests for 
muscanne*Iike activity Herr and Cyermek (I960), for example, have found 
that (d:)*Qiuscarone is less active than acetylcbohne m stimulatmg the 
mesenteric ganglion of the cat 

Pilocarpine and ArecoUne 

Pilocarpme (VU IT) is a natural product which has long been known to have 
acetylcbohne hke activity It appears, however, to be only a partial agonist 
(Van Rossum, Comehsseo De Groot and Hurkmans, 1960) On rat intestine 



Pilocarpine VII 17 Arecolme V1L18 


It only gave 70 per cent of a maximal response, the equipotent molar ratio 
calculated from concentrations produang a 50 per cent response being 100 
On the cat blood pressure the ratio was 3Ci0 AreOTLne(Vn 18), which occurs 
in the betel nut, is another natural product with sumlar feeble activity (Hunt 
and Renshaw, 1929) 

Bls-onium Salts 

In spite of the activity of polymethyicne bis tnmelhylammomum salts at the 
neuromuscular junction and at ganglia, these compounds have only slight 
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effects at postganglionic cholinergic receptors Paton and Zaimis (1949) 
recorded an equipotent molar ratio, relative to acetylcholine on guinea pig 
ileum of 430 for dodecamethylene bis tnmethylammomum, the most active 
member of the senes studied Polymethylene bis tnethylammomum salts have 
some antagonist activity at postganglionic cholinergic receptors, but this is 
appreciable only m the members with very long chains, Wamner (un- 
published) obtained an equipotent molar ratio relative to atropine on rat 
ileum of II for heptadecamcthylene bis tnethylammomum 
Barlow (1955) studied a series of polymethylene bis acetoxyethyldimethyl- 
ammonium salts (VII 19) and obscrv^ a peak in activity at the decamethylene 


Me Me 


CHs-C0-0-CH,CH*N-(CH^.-NCH,CH,-0-0C~CH8 


Me Me 
VII 19 


compound, although this was not particularly active The equipotent molar 
ratios relative to acetylcholine on the frog heart were 1800, 26, 198, and 158 
for the nona-, deca-, undcca , and dodcca-methylene compounds, respectively, 
and on the cat blood pressure the values were 700, 34, 470, and 4^ respec- 
tively It was suggested that this indicated much greater affimty in the com- 
pound with the decamethylene chain, possibly because it became attached at 
both onium groups to two receptors at once Although it seems most unlikely 
that receptors are so close together that this is possible, it is quite conceivable 
that the second onium group becomes attached to an ancbonog site, which is 
so placed relative to the receptor that the nonamethylene compound is too 
short to fit and the undecamethylene compound slightly too long If the 
chain in the undecamethylene buckles so that both onium groups are firmly 
held, there will be a decline in the contnbution to adsorbabihty from Van 
der Waals’ forces binding the chain to the surface lying between the receptor 
groups It may be questioned, however, whether the changes in activity 
really indicate changes m affinity and whether (hey may not be due at least in 
part, to changes m efficacy, for instance inability to cause depolarization 


Relationships Between Structure and Stimulant Activity 
Estimates of the equipotent molar ratio relative to acetylcholine vary con 
siderably from one preparation to another On the frog heart, for instance, 
there does not appear to be any compound which is more active than acetyl 
chohne, whereas on the dog blood pressure many compounds, acetoxy- 
but 2 ynyltnmethylammonmm (VII 20, Table VII 7) F 2268 and F2581, are 


CK, 


<c 


i-CH,-C:C-CH8-NMe3 

vnso 

very much more active Activity on this preparation however is not always 
associated with comparable activity on the cat blood pressure or the intestine 
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and It IS, accordingly, difGcult to deade which compounds are the most 
active when they have not all been compared on the same preparations The 
results also emphasize that the stracture of the receptors may not be exactly 
the same in all the preparations Nevertheless, the compounds most worthy 
of consideration appear to be acetoxybut-2-ynyItrimethylammonmm, F2268, 
F2581, (+)-muscanne and (— )-muscarone 

AUes (1939) and Ing (1949) have suggested that muscanoe*lilce activity is 
primarily dependent upon the presence of the onmra group and on the size 
of the molecule, there should not be more than five large atoms (carbon or 
oxygen) attached to the onium group, though in cyclic compounds allow- 
ance must be made for the effects of the nog on the distance between the 
omum group and the end of the chain Although this rule can be applied 
successfully to many compounds, including aUcyltrimethylaramonium salts, 
esters and ethers of chohne, F2268 and F2581, (-f-)-muscanne and (— ) mus- 
carone, it breaks down over 3-phenylmuscannc, (-f) acetylmuscanne, and 
acctoxybut-2-ynyItrimethylammonium 

A simple explanation for the exceptions might be that the size of the 
molecule need not be hmited m all directions The 3-phcnyl group m 3 phenyl- 
muscarone might be regarded as being inclined away from the surface to 
which the muscanne molecule is attached, and so not effectively increasing 
the length, but the acetyl group m (+)-acetylmuscanne could net be so 
regarded (only one isomer has been studied, it would be interesting to know 
if the (— )-isomer is also active) It would have to be supposed, therefore, 
that the receptors will tolerate an increase m length in this pan of the mole- 
cule without loss of activity, whereas it will not tolerate an increase in chain 
length beyond the equivalent of five carbon atoms m the region correspond- 
ing to the 2-rocthyl group of muscanne It would further have to be supposed 
that most molecules become attached so that the chain is in a position cor- 
responding with the 2-melhyl group m muscanne This is fairly easy to 
imagine for ethers, esters, Furmethide, and F 2268 Acetoxybut-2-ynyltn- 
methylammonium, and possibly the acetylenic analogue of Hexamethonium 
(Vn 8, page 201), might be regarded as exceptions, which, perhaps because 
of the Imcanty of the but-2-ynyI group, become attached so that the chain 
occupies a position equivalent to the substituents on the 3-position of 
muscanne 

It seems unlikely, however, that activity depends only on the size of the 
molecule The electron distnbution should surely be important if the ob- 
served vanations of activity with structure are to be explained Stercospeci- 
ficity, such as is observed with muscanne, impbes attachment to the receptors 
atthreepomtsat least Thcmoderatcdegreeofstcreospecificity observed m the 
muscarones, however, suggests that the attachment at one point contnbutes 
less to activity than attachment at the others, and possibly that the three 
points he almost in line 

The structure of postganglionic chohnergic receptors has been desenbed 
by Hunt (1926) as a ‘mosaic’ and Lands (1951) has suggested that it is a 
‘trough’. As a consequence of the advances which have been made in the 
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stereochemistty and pharmacology of compounds related to muscanne, it is 
possible to obtain a more detailed picture (Becket, Harper, Clitherow, and 
Lesser, 1961, Waser, 1961, 1962) The points at which muscanne could 
become attached to the receptor are the cationic head, the ether oxygen atom, 
the 2-methyI group, and the 3-hydroxyI group Both the ether and hydroxyl 
oxygen atoms might be involved in hydrogen bond formation, but with the 
ether oxygen atom, as opposed to the hydroxyl oxygen atom, the receptor 
group must contain the hydrogen atom Binding by electrostatic forces might 
also occur to a lesser extent (as an alternative to hydrogen bonding) at the 
ether oxygen atom and the 3-hydroxyl group The 2-methyl group could be at- 
tached by Van der Waals’ forces or could exert an inductive effect on the 
ether oxygen atom, but neither of these possibilities (especially the latter) 
seems to account entirely for the importance of the 2-mcthyl group (cf 
muscanne and dermethylmuscarine) and for the need for it to be in the right 
position (cf (-l-)-muscarme and (— ) epw/Zomuscanne) 

Waser (1961, 1962) has suggest^ that the binding of the ether oxygen 
atom IS likely to involve hydrogen bonds rather than electrostatic attraction, 
and support for this is found in the relative inactivity of thiomuscaruie 
denvatives (which would be less able to form hydrogen bonds) Beckett, 
Harper, Clitherow, and Lesser (1961) suggest that the receptor contains a 
partial positive charge at this point to 'accommodate the ether link of 
muscanne or the ester link of acetylcholine’ Beckelt, Clitherow, Harper, and 
Lesser also postulate another partial positive charge further away to ‘accom- 
modate the hydroxyl group of muscanne, the carbonyl group of acetylcholine, 
or double bond of the furan analogues of muscanne’. If the carbonyl group 
m acetylcholine and the hydroxyl group m muscanne are attached to the same 
receptor group, the attachment of one of these, if not both, must involve 
electrostatic forces rather than a hydrogen bond, because the hydroxyl group 
contains a hydrogen atom, whereas the carbonyl group does not, and could 
only form a hydrogen bond if the receptor group contains a hydrogen atom 
Whatever may be true for acetylcholine, it seems that the attachment of 
the carbonyl group m muscaronc is different Waser (1961, 1962) has pointed 
out that m (— )-muscarone the carbonyl group can be regarded as being 
placed relative to the cationic head in much the same way as the ether 
oxygen m muscanne (Fig VH 3) The attachment of muscarone might, then, 
be at the cationic head and by a hydrogen bond involving the keto group, 
which should be a stronger hydrogen bond than that binding the ether 
oxygen atom m muscanne itself TTic ether oxygen atom in (— ) muscarone 
should only be important in so far as it may furmsh some attachment, 
presumably electrostatic, at the receptor binding the hydroxyl group m 
muscanne Support for this idea comes from the observation that thio- 
muscarones (in contrast to thiomuscannes) are reasonably active It would 
be interesting to have the methylene analogue, 1 methyl 2 oxo-c>c/o- 
pentyI-4-methyltnraethyIamniontum (VH 21) 

The attachment of the choline part of acetylchohne to the receptors seems 
to be clearly related to that of (-{-)-muscannc In muscanne there appears 



210 Introductfon to Chemical Pharmacology 

to be considerable stenc hindrance between the methyl groups of the cationic 
head and the hydrogen atom in the 5*position of the tetrahydrofuran ring 
(Barlow, 1960) A somewhat similar situationis observed in esters of p mcthyl- 
choline and, by analogy with (4-) muscanoc, workers in several laboratories 
thought it likely that the active (4-)-isomer should 
have the S-configuration (Fig VII 4) some time 
before this was actually shown to be correct by 
Ellenbroek and Van Rossum (1961) The ether 
_ oxygen atom m the ester group must be analogous 

to the ether oxygen atom in (+)-muscanne, the 
p-methyl group contributes httle to activity (cf acetyhp methylchohne and 
acetylcholine) If the methyl part of the acetyl group is analogous to the 
2 methyl group in muscanoe, the carbonyl oxygen must he in a position 
close to that occupied by the 3-hydroxyl group in (-f-)-muscarine As acetyl- 





FIG VII 3 Hypothetical structure of acetylcholine receptor on smooth muscle 


choline is distinctly more active than the ethyl ether of chohne, this carbonyl 
oxygen must contribute considerably to activity though whether it is hydrogen- 
bonded or merely held by electrostatic forces is not clear 
The recent elucidation of the stereochemistry of F 2268 by Tnggle and 
Belleau (1962) and Belleau and Puraaea (1963) has shown that the sfereo- 
specificity of this compound is strictly comparable with that of muscarine, 
rather than with that of muscarone The cu isomers, in which the methyl 
and quaternary ammonium groups arc arranged as m (-f-) and (— )-mus- 
canne, arc more active than the trara and the (-l->-form of the cis isomer, 
which has the 2S,4S configuration and is structurally comparable with (-f)- 
muscanne, is about 100 times as active as the (— ) 2R,4R- isomer 
Among the most difficult results to fit into the picture is the feeble activity 
of the aliphatic ketones related to acetylcholine (Table VII 6) There appears 
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to be no reason why 4-oxo-n pentyltnmethylammonium should not fit the 
receptors in a manner analogous to (— )-iniiscarone, yet although this appears 
to be the most active of the ketomc analogues of acctylchohne, it is not a 
particiUarly potent compound The pictures that can be made of the receptor 
(eg Fig VII^), however, whatever their obvious shortcomings, suggest 
further work which might be profitable and lead to further information 
about the structure of the receptors 


CH 







FIG vir4 {+ys Acetyl methylchohne compared with i-yyiS 3R 55" mar- 
carwie 


It must be pointed out that the foregoing discussion takes no account of 
the different effects of structure on affinity and on efficacy As will be seen 
below, increases in affinity are often associated with decreases in activity, or of 
increases in antagomst activity It seems likely, therefore, that changes m 
structure which lead to decreased activity decrease efficacy, but it does not 
necessarily follow that changes which I^d to increased activity do so only 
because they increase efficacy, some increase m affinity might be possible 
without loss of efficacy 


ANTAGONISTS 

Antagonists Developed from Partial Agonists 

There is no need, wth these compounds which stimulate postganglionic 
cholinergic receptors, to consider the blocking activity of agonists, as is 
necessary for compounds, such as nicotine, affecting the receptors at the 
neuromuscular junction or m gangha There arc, however, several groups of 
antagomsts which have been denved from agonists, being members of a 
senes m which, with increasing substitution, agonist activity is replaced by 
partial agomst activity and eventually antagomst activity 
The simplest examples are the alkyltnmethylammonium salts already 
referred to (pages 194) Although agonist activity declines above n pentyl- 
tnmethylammomum, affinity increases in a fairly regular manner (Table 
vn 10) In the results of Stephenson, the value log Kn+ilKn, for homo- 
logues with n and n -f 1 carbon atoms, is around 0 2 If the relationship 
between the association constant K, and the free energy change on adsorption 
A G, is given by the theory of Arrhemus (as is usually assumed in work with 
enzymes, see, for instance, Dixon and Webb, 1958) 

AG=-RrinK 

iogi,&w^r„ = 


and hence 



212 Introduction to Chemical Pharmacology 

where a is the contribution to the free energy of adsorption ascnbable to the 

extra methylene group in the longer homologue For the receptors on the 

guinea pig ileum the value a = 23xl98 x 310 x 0 2 = 280 cals This 

would appear to be an answer reasonably consistent with Van der Waals’ 

adsorption 

TABLE VII !0 

Antagonist Aelnity of Alkyltnmethylammomum Salts 

RNMt* 

Log aHloily constant (Xa) 



Gumea pig ileum 
(S) 

Rat jejunum 
(VR and A) 

R =• n Heptyl 

4 61 

46 

n Octyl 

4&S 

50 

n-Nonyl 

SM 

50 

fi-Decyl 

528 

59 

n*Dodecyl 


60 


S «e> Stephenson (19S6) VR and A «• Van Rossurn and Arlens (Wi) 


Somewhat similar results have been observed m the senes of aliphatic 
esters of choline studied by Schneider and Timas (1957, Table VH II) 
Afilmty increases m a fairly regular fashion up the senes untJ a maximum 
IS reached beyond which it declmes relatively rapidly, possibly because of the 
physical properties of the compounds, e g surface activity 

TABLE Vtl 11 

Actnity of Esters of Chohne as Antagonists of Aeetylcholate on the Guinea pig 
Ileum 

CHj(CH»>.COC>-<HjCH:NMe, 



pA< 

H 5 (HeptanoyfchoLne) 

47 

6 

47 

7 

SO 

8 

55 

9 

60 

10 

65 

12 

68 

14 (palmitoylchohne) 

64 


Schneider and Timms (19J7) 


Quantitative results are also available for the rather more complicated 
compounds, analogues of F 2268, studied by Van Rossum and Anens (1959) 
A decline m activity can be brought about cither by substitution of large 
groups on the onium atom or by increasing the chain length of the acetal 
part of the molecule Van Rossum and Anens have suggested that substitu 
tion at either point leads to increased af^ity, but the results (Table VII 12) 
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TABLE Vll 12 

Antagonist Activity of Analogues of F 2268 


R/ ^O— OTC 
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R= R « 

Rs =• Mca 

pAs values on rat jejunum 

MesEt MeEtz 

Efs 

H Me 

_ 

_ 

— 

36 

Et 

— 

— 

46 

42 

n-Pf 

_ 

49 

— 

48 

n Bu 

49 

— 

— 



n-Hex 

45 

— 

— 

— 

Ph 

41 

— 

— 

— 

R = R = 

Me 

_ 

_ 

__ 

_ 

Et 

— 

49 

— 



« Pr 

62 

68 

69 

66 

n Bu 

69 

72 

— 

_ 

Ph 

71 

— 

— 



Note > Th« lower homologues are agonists or partial agonists 
Van Rossum and Anens (/W9) 


suggest that alterations to the acetal group have a bigger e^ect upon affinity 
than alterations to the onium group The atropine like properties of 2 2 di- 
phenyl 1 3 dioxoIane-4-methyltnmethyIammonium (VII 22) were noted by 

Ph />-CH, 

1 + 

Ph O— CH — CHjNMe, 

VII22 

Brown and Werner (1949) who tested the compound because of its resem- 
blance to antagonists of acetylcholine rather than because it resembled F2268 
These results indicate an equipotent molar ratio relative to atropine on rat 
jejunum of about 10 

The effects of substitution m the onium group of acetylcholine on affinity 
have been studied quantitatively by Scott (1962) By comparing the affinity 
constants of senes of antagomsts, RNMc, RNMe 2 Et, RI^MeEta, Rl^ts he 
has shown that, when R is diphenyfacctoxyethyl, benzilyloxyethyj, and 
2 2 diphcnylethoxyethyl, affimty increases with the substitution of one or 
two ethyl groups and then declines, although the triethyl compound still 
has a higher affimty than the trimcthyl (Table VII 13) The results for the 
5 5 diphenyl 2 oxo n pentyl senes are slightly different, and the relatively 
lower affinity of the triethyl compound could be ascribed to interaction 
between the ethyl substituents on the onium atom and the nearby keto 
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pounds on the central nervous system nothing like the same degree of 
stereospcciRcity is obsened, tolh the R- and the S-compounds being active 
The activity of compounds closely related to atropine is shown in Table 
VII 15 In cats hyoscine is apparently more active than hyoscyaminc in 

TABLE Vtl 15 

Blocking Aelutiy of impounds Related to Atropine 


Equipotent molar ratios retaiive to atropine 


1 

Cat 

saliva 

tion 

Cit 

blood 

pressure 

Cat 

eye 

Mouse 

eye 

Gumea- 
pig ileum 

logAa 

(“)-Hyoscyamioe 

0 56 

0-53 

05 

0 54 

031 

9 35 

(+>-Hyoscyamine 

It 

12 

— 



10 

7 85 

Mclhyla tropmium 







(Eumj thine) 

0 48 

054 

1-2 

044 

059*, 047 



(— )'Metho- 







hyoscyaminium 

0 25 

025 1 

1 

020 


— 

<->Hyos«ne j 

0 73 

083 j 

0 07-01 

020 1 



(-Hlethobyosanium 1 


1 


1 1 



{Famine) 

02» 

1729 

03 

021 




* Rabbit ikum. 

Kb affinity constant derived from measurement of pA< (page 43) in these experiments 
the pAi for atropine was S4 (cf pages 188, 194) 

Nyman {194^ Bulbring and Danes (I94g) tng Danes, and Majda (/Wf) Marshall 
{.194S) Luduena and Lan^ {1954) Long Luduena Tut/ar and Lands (/9J5) 

dilating the pupil of the eye, but slightly less active m stopping salivation 
and in antagonizing the effects of acetylcholine on the blood pressure 
Quatemization increases the activity of atropine and hyoscine, but the activity 
on the eye does not always run parallel with the activity m blocking saliva 
tion or the effects of acetylcholine on the blood pressure 
At the postganglionic cholinergic receptors in the intestine hyoscine appears 
to be less active than atropme (particularly when it is remembered that hyo 
seme is tested as the naturally occurring (— ) isomer whereas atropme is the 
racemate) Activity is very greatly enhanced by methylation, however, 
methylhyoscinium salts bemg very active indeed Quatemization with larger 
alkyl groups, such as n butyl, reduces ability to block postganglionic choli- 
nergic receptors, but this particular compound, n butyl hyoscinium (Busco- 
pan, Wick, 1951, VII 25) has considerable ganglion blocking activity 
Another compound, p biphenylylmetfayl (+) tropyl a tropmium (Gaslropin, 
VII 26, Gyermek and Nador, 1957) combines appreciable blocking activity 
at postganglionic cholinergic receptors (the equipotent molar ratio relative 
to atropme on rabbit intestine is 2 9) with appreciable ganglion blocking 
activity (page 162), much greater than that of Bujcopon It docs not have much 
effect on salivation, on the eye, or on the heart, but in ino on intestine and 
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tropine portion is not critical for ability to antagonize the actions of acetyl 
choline, although it may alter abihty to reach the receptors m the eye 
Alternatively, the postganglionic cholinergic receptors m the eye may be 
slightly different from those elsewhere, e g m the sahvary gland and in- 
testine 

More information would be welcome and it is possible to obtain this, to 
some extent, indirectly by examining the properties of other denvatives of 
Ip tropine Benzilyl \p tropine (VII 29) was studied by Kreitmair (1936) and 

Me 
\ 

RCO — O 

H 

R. = PhCH — . tropyli^tropine, Vn^8, 

CH,OH 

R = Ph.COH— beiuilyl-^ Uopine VII 29 

found to produce effects comparable with similar doses or concentrations of 
atropine on salivation lo cats and on rabbit intestine To produce comparable 
effects on the cat blood pressure or in cats* or rabbits' eyes, however, the 
amount of benzilyl ip tropine required was ten times that of atropine The 
compound has local anaesthetic properties which may modify its eSects on 
the eye possibly suggesting that it is a more active mydnatic than its activity 
in antagomzmg the actions of acetylcholine would lead one to suppose It is 
difficult to ascribe its low mydnatic activity to inability to penetrate through 
the mucous surface to the receptors m the eye, because it is able to anaesthe 
tize the cornea It really appears, therefore, that the receptors in the eye 
may well be shghtly different from those in the salivary gland or intestine 
Gyermck (1953) has compared the benzoyl esters of tropine and ip tropine, 
and quaternary compounds denved from them, for their abihty to act hke 
atropine on rabbit and guinea pig intestine The denvatives ofi^ tropine were 
consistently less active, the equipotent molar ratio for the ip compound 
relative to the isomcnc tropine vaned from 2 to 10 
It appears, then, that the configuration of the 3 hydroxyl group m the 
’pajrt. <iC tbA wwJ/nuJa dxws. ham. voba ui£Liiftnn& on. acfax'Xv aX fhit 
postganghonic cholinergic receptors (Gyetmek and Nador, 1957), but the 
effects are much more marked on activity at the sites in the eye than else- 
where 

Esters of Tropine 

Pyman (1917) reviewed the activity of a large number of denvatives of tropine 
as estimated by their ability to produce mydriasis when apphed to cats’ eyes 
in concentrations of 1 to 2 per cent Both tropine and tropic acid were m 
active, as were esters of tropine with aliphatic acids, such as acetic, glycollic, 
lactic, tartanc, succinic, and fumanc acids Feeble activity was found in some 
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aromatic esters of tropme, such as those of benzoic and o* and m-hydroxy- 
benzoic acids, but not those of /j»hydro}^benzoic or phthabc acids The bene- 
ficial effect of the benzene nng on activity, however, does not appear to 
depend upon its influence on the electronic activation of the ester group, 
because activity is also found in phenylacctyltropine and in many of its 
derivatives, such as mandelyltropme (Homatropine, VII 30), o-, m~, and p- 
methyl mandelyl, and o-, m-, and p-hydroxymandelyltropmes As is found with 
the hydroxybenzoyltropmes, o-hydroxymandelyltropine is more active than 
the m isomer and the p-compound is least active 
Homatropine is much weaker than atropine The equipotent molar ratios 
for the racemate relative to atropine arc 7 7 on cats’ eyes, 10 on the frog 
heart, and 6 1 on salivation in rabbits (Issekutz, 1917), 30 on salivation m 
dogs (Cushny, 1920), 7 9 on rabbit intestine, and 8 5 on guinea-pig intestine 
(Graham and Gunn, 1944) Brown and Qumton (1957) obtained a ratio of 
100 for salivation in rabbits The effects on the eye are much less persistent 
than those of atropine so Homatropine has been used extensively for ex- 
araming the eye in ophthalmology The eye usually returns to normal 
within 24 hours, whereas the local application of atropine may paralyse 
accommodation and dilate the pupil for several days 



RO 

R- Ph-CHOH— CO. Homatropine! , Vll 30, 

R- Ph— <j:H— CO, hydrairopyltfopme . VII 31, 

Me 

R- Ph — COH— CO . aUotactoyUiopme , VII 32 , 

Me 

R“ Ph.CH — CO, diphenyUcetyJtropme , VII 33, 

R- Ph— CH— CO— . VII 34 

6 

Cushny (1920) observed that the activity of Homatropine was much less 
stereospecific than that of atropine or hyoscine, on sahvation in dogs, it 
appeared that the equipotent molar ratio for the (-f-)-isomer relative to the 
more active (— ) isomer was as low as 2 These results all emphasize the 
importance for activity of the hydroxyl group in the tropic acid part of the 
molecule This is emphasized by the observation of Cushny (1926) that hydr- 
atropyltropme (VII 31), m which the hydroxyl group in tropic acid is re- 
placed by hydrogen, is only feebly active, the equipotent molar ratio for the 
racemate relative to atropine on sahvation in the dog being of the order of 
200 Some activity on the eye, however, is shown by compounds in which the 
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hydroxyl group is replaced by chlonne or bromine (Pyman, 1917), and 
atrolactoyltropine (‘Pseudoatropinc', VII 32), in which the hydroxyl group 
IS transferred to the a-carbon atom, is comparable with Homatropine 
As with atropine and hyosane, quatemization of esters of tropinc often 
increases activity Methylhomatropinium INoxatroptne), in particular, bis 
been studied in some detail The cquipotent molar ratio relative to atropine 
calculated from the results of Issekutz (1917) is 2 2 on cats’ eyes, 0 94 on the 
frog heart, and 0 85 on salivation in rabbits Cahen and Tvede (1952) ob- 
tained results which give ratios of 2 4 on the eyes of mice, I 4 to 2 3 on sali- 
vation in rabbits, and 7 2 on isolated rabbit intestine 
Diphenylacetyltropine (VII 33) and phcnyI-a-thieny!acetyltropine (VII 34) 
arc not particuhrly active, but arc of interest because of their relationship 
to other esters, such as diphenylacetylcboline (see page 213), and because of 
the high activity of quaternary salts derived from them Lands (1951) found 
the equipotent molar ratios relative to atropine on isolated rabbit intestine 
and intact dog intestine were 14 and 17 respectively for the diphenylacetyl 
ester, and 3 8 and 8 5 respectively for the phenyl-a-2-thienylacctyl ester 
For metho-salts of the latter, how-ever, the ratios Nvere 1 6 and 0 24 respec- 
tively, indicating considerable activity, particularly on the dog intestine 

Esters of Other Ammo-alcohols 

Tlie tropine nng structure is not essential for atropxnt hke activity As long 
ago as 1897, Harries observed that the mandelic ester of I 2 2 6‘tetra- 
raethylpiperidin-4-ol (Eucafropine, VII 35, cf ^‘D/cafne, page 58) was a 


H 

/ — 



Me 


RN “ MeN CucairopiiK, VII 35, 

RN “ Me,N MeUiyleucalropuuum VII 36 

mydriatic The equipotent molar ratios relative to atropine for antagonizing 
parasympathetic effects on salivation and blood-pressure in cats are 29 and 
42, and lor mydriasis m mice the ratio is (Bufbnng and Dawes, 1945, 
Ing, Dawes, and Wajda, 1945) MelhyJeiicatropmmm (VII 36) is more active, 
the ratios being 1 6 on salivation, 14 on the blood pressure, and 36 on the 
eye Eucatropme contains two asymmetric centres and is a mixture of isomers, 
the configuration of these is not known, but in view of the low stercospeci- 
ficity of Homatropine and of the small difTcrencc between the activities of 
the two forms of the methiodides of the bcnzilic esters of 1 2 2 6-tetra- 
methylpiperidin-4-ol (Ing, Dawes and Wajda, 1945, see below), it seems 
unlikely that there are any great differences between the activities of the 
different isomers 

Von Braun and Rath (1920) prepared some tropic esters of o-hydroxy- 
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alkylfiortropanes (VII 37), m which the ester group is attached at the end of 
the polymethylene chain introduced m place of the methyl group on the 
nitrogen atom, instead of in the 3-position They record the otherwise un- 
published report of Pohl, that the ester of 2-hydroxyethylnortropanc (VII 38) 
IS a mydriatic, but the compounds with a longer chain, esters of 3-hydroxy- 
propyl- and 5 hydroxypentylnortropanes, are inactive 




.N — (C»i), — O — OC — CH — I’h 


VII 37, 

- 2. VII 38 


Von Braun, Braunsdorf, and Rath (1922) showed that even simpler 
structures, tropic esters of hydroxyalkyidialkylammes (VII 39) have mydriatic 
properties Esters of hydroxyethyidialkylammes were more active than those 
of hydroxypropyidialkylamines, and pipendmo derivatives (VII 40) were 


Ph — CH— CO — O — 


I 

CH,OH 


NR*-rO- 


■(CHji,— HR, 
VII 39, 
vn 40 


more active than derivatives of diethylamine or dimethylamme A similar 
compound, the tropic ester of l-diethylaminoncopentan-S-ol {Syntropant 
VII 41, Fromberz, 1933, 1936), is of interest because doses which affect 


Me 

Ph-CH-CO-O-CHj-i-CH.NEt, 




,OH Me 

Syntiopan, VII 4! 


the intestine have little action on the eye or the heart For this reason it was 
selected as being likely to be a good spasmolytic, reducing the painful con- 
tractions of the gut m cohe, for instance, without disturbing the rest of the 
hfvJy In of Jl5 n-v as a jpasrooJyJir, howrycTr jJ as JdaJjveJy 
compared with atropine, the equipotent molar ratio on rabbit intestine being 
of the order of 20 


Developments Based on Acetylcholine 

Further developments in the preparation of substances which antagonize the 
actions of acetylcholine at postganglionic cholinergic synapses have come 
from the study of compounds related to acetylcholine itself, rather than by 
modification of known antagonists, such as atropine A number of substances 
related to acetylcholine, which are only partial agonists, have already been 
mentioned (page 211) Generally, efficacy is lost, but affinity retained (or even 
enhanced) by increasing the size of substituents in parts of the molecule such 
as the onium group or the acyl group 
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TABLE VII 17 


Activity of Analogues of Benzilykholme Equipotent Molar Ratios Relathe to 
Alropme 


/OH 

PhsC: 

^COOCHiCHj- 
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91 
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45 
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10 

_ 

_ 
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034 

0-42 

— 

— 

NMe afiCH=CHi 

36 

— 

— 

— 

— 

KMetn Bu 

91 
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1 6 

- 

- 

/OH 
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^COO- 


■ 
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— 

CHjCMejCHiNMe-Et 
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Hi 

Ijn 

- 

CHiCHs-i5^ > 

Me' 

63 

- 

- 

- 

- 

yCHs-CHMe 

63 





^CHs-CMes 


~ 




/CHi-CHMe 






P-CH +'NMes 






^CHj-CMes 

^Hr-CHMe 






«CH +NMej 
^CHrCMe, 







Note - In the tests for mydriat c actm^ id Duce the drugs were injected mtrapcntoneally 
andnotappl ed direct to (he eye The ktteisa and 9 indicate differences m the configuration 
at the 4>posilion of the piperidine ring. Eueatroplne (page 220) was m this work described 
as belonging to the ^ senes 

* Scott (i9S2) 

tog iJaHM and itajda{t94S) Ford Moore and Ing {1947) 
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Further Esters of Ammo-alcohols 


It has already been pointed out that although Syntropan (page 221) is a 
reasonably specific spasmolytic, it is not particularly potent Meier (1936) 
observed very similar activity in the diphcnylacetic ester of 2 diethylamino- 
ethanol (Trasentin, Adiphcmne, VII 44) Halpem (1938), who studied a large 
number of alkamme esters of disubstituted acetic acids, was particularly 
impressed with the properties of the « phcnyfvalenc ester of 2 diethylamino- 
ethanol {Propi\ane, VII 45) The equipotent molar ratios relative to atropine 
are approximately 2 for antagonising the effects of acetylcholine on rabbit 
intestine, 40 on saUvation in the rabbit, 200 on the frog heart, and 5,000 for 
mydriasis in cats produced by local application to the eye Like Syntropan, 
this compound appears to be more active at the postganglionic cholinergic 
receptors m the intestine than at those elsewhere, but it is, nevertheless, not 
particularly active 


R — O — CHjCH jN Et 2 

R- PhjCH — CO — , Trasenltn, VII 44 
R- CHjCHjCHiCHPh— CO— . Propmane, VII 45. 
R-PhCH — CO — . Trasmtin-H, VII 46. 


ci) R-C^co— . 


Dte^elcmoit , VJI 47 


The o phenyl « c>e/<jhexylaccl!c ester of 2 diethylaminoethanol (r«ucn- 
im H, VII 46, Miescher and Hoffmann, 1941) appears to be more active 
Graham and Lazarus (1940) obtained results which give values of 1 2 for the 
equipotent molar ratio relative to atropine on isolated rabbit intestine and 
4 0 for Trasentin itself In intact rabbits Trasentin H appeared to be more 
active than atropine, the ratio being about 0 5 These figures for Trasentin 
indicate greater activity than has been found by other workers Brown, 
Thompson, Klahm, and Werner (1950) obtained results on rabbit intestine 
which indicate an equipotent molar ratio for Trasentin relative to atropine 
of 80 For the 2 diethylammoelhyl ester of 1-cycfohexylcycfohexane-l carb 
oxylic acid (Dicyclomine, Vir47) the ratio was 8 0, indicating that the 
compound is more active 

The fluorene 9'Carboxylic ester of 2 diethylaminoethanol (Pavatrine, 
VII48) appears to have rather similar activity Lehmann and Knoefel 
(1942) obtained a value of 7 1 for the equipotent molar ratio relative to 
atropine on rabbit intestine and in the same expenments obtained values of 
43 for Trasentin, 94 for Syntropan, and 55 for Propi\ane Brown, Thompson, 
KJahm, and Werner (1950) obtained the value of SO for Pavatrine Pavatrine 
had only feeble activity on the eye, on salivation and on blood vessels and 
unfortunately was not as active m nvo on the gastrointestinal tract as might 
have been expected from the expenments on isolated tissues The equipotent 
molar ratio relative to atropine was about 20 for ability to reduce gastne 
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motility in dogs and greater than ICX) for delaying gastric emptying and 
reducing gastric secretion The activity of Pa\atrme relative to TYasenlin in 
these results agrees well with the values obtained by Lands, Hoppe, Lewis, and 
Ananenko (1950) in which it was observed that the cquipotent molar ratio 
for Trasentin relative to Pavatrtne was 6 0 (cf 43/7 1=61) 


— O — CHiCHiNEtj 


R = H Ptnatrbie,Vll48. 

R = OH. VIM9 

The hydroxy derivative ofi’aiu/me, the ester of 9 hydroxy fluorene-9*carb- 
oxyhc acid (VII 49), however, was slightly less active, whereas the hydroxy 
derivative of Trasentin, 2-dicthylaminoethylbcnziIate {Benactyzine, VII 50), 
was extremely active, about forty tunes as active as Trasentin, which would 
be equivalent to an eqmpotent molar ratio relative to atropine of 1 0 This 
may be an overestimate, because the compound was included m the work 
of Ing, Dawes, and Wajda (1945), and the results (Table VII 17) on the 
salivation and blood pressure do not suggest that it is particularly active 

Ph OH 

— CHiCHjNR, 


R'- Ph NRj-NEl,, BtruKlyetru , \n SO , 

R — , NRj — NEljMe, O^henanmm , Vll SI 

The hydroxy analogue of Trasentm-H was found by Lehmann and Knocfel 
(1944) to have an equipotent molar ratio relative to atropine on rabbit 
intestine of 6 I (unfortunately, Trasentm-H itself was not included in the 
same set of expenmcnis), but activity is greatly increased by methylation 
Themetbo-salt,(7A;ypAcncin»y» {Anlrenyl,\ll 51 , Plummer, Banett, Rutledge, 
and Yonkraan, 1953), which is closely related to Lachestne, was as active as 
atropine on both isolated and intact preparations of intestine from guinea* 
pigs and dogs It was also effective in reducing gastnc secretion m dogs and 
in reducing the formation of experimentally induced ulcers in rats, it was, 
however, less active than atropine m producing mydnasis in rabbits and in 
preventing salivation in dogs Brown and Quinton (1957) found it to be 
slightly more active than atropine on salivation m rabbits 
I^hmann and Knoefcl (1944) also observed that the 2 diethylaminoethyl 
ester of xanthen 9-carboxylic acid (VII 52) was a potent antagomst of the 
actions of acetylcholine, on isolated rabbit intestine the cquipotent molar 
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ratio relative to atropine was 3 4 (cf 7 1 for Paxairme) The xantheti portion 
can be replaced by phenothiazine as m the compound Transergan (^I 53), 
Wieldbng (1957) obtained an equipotent molar ratio for this compound 
relative to atropine on the guinea-pig ileum of 2 1. 

The quaternary metho-compouod MethantheUnium (Banthme, VII 54, 
Hambourger, Cook, Winbury, and Freese, 1950) is more active, the equi- 
potent molar ratio relative to atropine on isolated rabbit intestine was 1 2. 
It reduced salivary secretion, and caused mydriasis, and also had some 



NR* = NEt,. vrr.52, 

NR, *= hfelhanlhelintum. VII 54, 

NR, «=» N£roPf,Me, PropantheUnium, VII 55 


s' N— CO — 0 — CHiCHiNEtj 

TYansergan, VII 53 


ganglion-blocking properties According to Barrett, Rutledge, Plummer, 
and Yonkman (1953) it was less effective than Oxyphenomum m reducing 
gastric secretion in dogs and experimentally induced ulcer fonnation in rats 
The di isopropyl analogue, PropantheUnium {Pro-Banthmet VII 55) appears 
to be slightly more active Johnson and Wood (1954) obtained equipotent 
molar ratios relative to atropine on the guinea-pig ileum of 0 40 for Propan- 
thehmum and 0 48 for MethantheUnium On salivation in cats the values were 

0 26 and 0 37, but for mydriatic activity in mice they were approximately 

1 6 and 3 0, respectively 

The I-phenyl cyc/opentane-l-carboxylic acid ester of 2-diethylanuno- 
ethanol {CaTamiphen,Parpanit,yi\ 56,Domenjoz, 1946) also has appreciable 


I — ' CO — O — CH,CH,NEt, 

Caramiphen, VII 56 

atropine like activity Tnpod (1949) recorded equipotent molar ratios relative 
to atropine on rabbit ileum of 8 2 for Caramiphen, 19 for Trasentm, and 7 1 
for Trasenitn-H, on guinea pig ileum the values were 11, 57, and 29, respec- 
tively Domenjoz (1946) obtained a value of 12, but results with Trasentm m 
his experiments were different from those of other workers The action of 
Caramiphen at postgangliomc cholinergic receptors is less important than 
Its actions on the central nervous ^tcm, particularly in the suppression of 
the tremors and rigidity associated with Parkinson’s disease 
Another hydroxy derivative of Trasentin-H, the «-phenyl-Qt-(l-hydroxy)- 
cyc/ohexylacetic acid ester of 2-diethylaminoethanol (VIII 57, Ehrenberg, 
Ramp, Blanchard, and Treves, 195^, appears to have about the same 
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activity as Trasentin-HiXsc\^ and lo bcsbghtly more active than the 1-hydroxy- 
c^c/opentyl analogue (VII 58) The eguipotent molar ratios relative to atro- 
pine on rabbit ilcum were 3 3 and 3 9 respectively The metho-salts were 
much more active, the value for the compound (VII 59) analogous to 
Oxyphenonlum was 0 39 and for the cyclopcntyl compound (VII 60) it was 
0 75 

v 

rOco— O — CH jCHiNRj 

R'- . NRj . NEtj. VII. 57. 

^ . NRi-SlEtiMc, VII 59. 

. NR,-NEli. VII 58. 

, NR,-fiEt,Mc. VII 60 


Extremely high activity has also been found in the 2-diethylammoetbyl 
ester of a-cyc/opentyl-* (2-thienyl)^ycolhc acid (VII 61) and its metho- 
bromide (Pentkienate, Afonodral, VII 62, Luduena and Lands, 1954) The 
equipotent molar ratios relative to atropine on rabbit ilcum were 0 48 and 
0 39 respectively, and 8 0 and 0 26 on salivation in rabbits The quaternary 
etho compound is also highly active (Lands and Luduena, 1956) 


O' 

NR, • 

NR,- 


'CO — O — CHjCHiNR, 
NEl,. VII 61 

NEl.Mc, Pmthienate, VI J 62 


Esters of N-methylpipendtne-3-carbinoI have been studied by Lands (1951), 
and the most active appears to be the metho-compound derived from the 
benzilic ester (VII 63) for which the equipotent molar ratio relative to 
atropine on rabbit intestine is 23 The ratio on dog intestine in iivois 0 82 
The N-ethyl analogue {Pipenzolale methobromide, Piptal, VII 64, Chen and 



O — ^Ph 
HO Ph 


NRR =NMe, VII 63, 

NRR' = NEtMe Pipmzohie melhobromtde, VII 64 


Beckman, 1952, Chen, 1954, 1959) is reported to be as active as atropine in 
relieving spasm of the ileum and colon of dogs It appears to be particularly 
effective on sphincters and on the colon The metho salt of the methyl ester 
of piperidine-3-carboxylic acid (Vir65) is less active (Lands, 1951) Acred, 
Aticins, Bambridge, Brown, Quinton, and Turner (1957) have examined 
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similar 2-substituted pyrrolidine denvatives, and again the most active was a 
benzilic ester, that of 2-hydroxymethyl-NN-dimethylpyrroIidinium (VII 66, 
PoIdinCy Nacton) On the cat blood-pressure and salivary flow, and as a 
mydriatic m mice, this appeared to be about as active as atropine On the 
isolated guinea-pig ileum it was also as active as atropine, but was less active 
than some of the other compounds studied, particularly the ethiodide of the 
benzilic ester of 2-(2-hydroxy-ethyl)-N-melhylpyTTolidine (VII 67) 


a 


CO— O — CH, 




Me n = 1, Poldine, Vlf 66 
Et n = 2, VII 67 


Considerable activity was also observed in esters of quinuclidin-3-ol 
(Randall, Benson, and Stefko, 1952) The cquipotent molar ratios relative to 
atropine on rabbit intestine were 0 90 for the racemic form of the diphenyl- 
acctic ester (VII 68), 0 46 for the racemic form of the benzilic ester (VII 69), 
and 0 49 for the racemic form of the fluorene-9-carboxylic ester (VII 70) 



R-Ph,CH — CO—, Vn 68, 
R- Ph,COH — CO— VII 69, 



VI! 70 


Activity was not increased by methylaljon, however, for the metho derivative 
of the diphenylacetic ester the ratio was 4 2 and for the metho derivative of 
the benzilic ester it was 0 80 The diphenylacetic ester of quinuclidm 3 ol 
was resolved, and it was found that the (~) isomer (ratio, 0 49) was much 
more active than the (+) isomer (ratio, 12) 


Effects of Altering the Ester Link 

The replacement of the ether oxygen atom in the ester link by a sulphur 
atom may increase atropine-like activity The thio analogue of Trasenun, the 
diphenylacetic ester of 2 dietbylaminoethanthiol (VII 71) is appreciably more 

R-S-CH,CHjNR*' 

R = Ph,CH-CO-, R' = Et, VII 71 , 

R = Ph,COH CO-, R' = Et, VII 72, 

R = Ph,COH CO-, R « Me, VII 73 

active than Trasentin itself (Dupre, Levy, and Tchoubar, 1946, Ramsey and 
Richardson, 1947), and a number of analogous benzilic esters has been 
studied by Patkes (1955) The benzilic ester of 2 diethylaminoethanthioi 
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(Vn 72) was more active than atropine on the guinea pig ileum (equipotcnt 
molar ratio, 0 82) and the ester of 2-dimethylammoethanthiol (Vif 73) was 
more active still (wjuipotent molar ratio 0 61) The activities of the oxygen 
analogues of these compounds (not, unfortunately, on guinea pig ileum) are 
included in Table VII 17 These thio-compounds are extremely active m 
antagonizing spasms produced by barium ions, which do not act on the 
acetylcholine receptors but possibly directly on the muscle-cells 
Compounds m which the ester link is replaced by amide were studied by 
Meier and Hoffmann (1941) and appear qualitatively to resemble the esters, 
although they are not always as active Cheney and Bywater (1942), for 
example, found the 2 morpholinoethylamide of diphenylacetic acid (VII 74) 
Ph H 

V 

^CO — W — CHiCHit/ 

VII 74 vn 75 

was less active than the ester The carbonyl group, in fact, docs not appear 
to be critical and considerable activity has been found among substituted 
propylamines 

Lands, AnanenLo, /ones, Hoppe, and Becker (1949) observed that some 
dialkylamiQoalkyl diphenylacetomtnles (VII 75) appeared to be as active as 
7>aseniin and that some of the quaternary metbo derivatives were almost as 
active as atropine (Table VII 18) Cunningham et a! (1949) observed con* 
TABLE VII 18 

Aetmty of Diphertyloeetenitnles 


Ph'^ CHjCHjNRj 


Ph CN 

V 

Ph''\ 



Equipotent molar ratio nhuve 
to airopine on rabbit intestine 


Base 

Metho-salt 

CHsCHiNMej 

I2S 

40 

CHtCHiNEU 

62 

48 


125 

35 

CH CHMcNMm 

20 

41 


77 

19 

CHMeCHsNMes 

53 

67 

CHMeCHjNEt* 

140 

50 

Trasentin 

42 



Landi, Ananenko, Jones, Hoppe and Becker (1949) 
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siderable activity in an analogous propanol derivative, Bemhexol {Artane^ 
VII 76) The equipotent molar ratio relative to atropine on rabbit intestine 
was 22, and for the diphenyl denvative, I-pipendmo-3 3*diphenylpro 
pan-l-ol (VII 77), it was 2 8 Tliis latter compound was also included in a 
senes of 3 3 diphenyl propanolammes, allylammes, and propylammes and 
their quaternary salts, studied by White, Green, and Hudson (1951) The 
allylammes and propylammes had little atropine like activity, but some of the 
substituted propanols, particularly the quaternary derivatives, were quite 
active The equipotent molar ratio relative to atropine on rabbit intestine was 
between 2 1 and 4 2 for l-pipendmo 3 3 diphenylpropan-l ol (VII 77, cf 

Ph OH 

V 

f/ ^CHjCHjNRj 
NRt • Benzhexol, VII 76, 

NR',-tO • 

NR't-NEtjMc, VU 78, 

NR't-N^ , Proeyebdtru, VII 79, 

NRj-Wn , Tneyclamol, Vll 80 
Me 

2 8 above) Similar senes of compounds have also been studied by Lands 
(1951) and Lands and Luduena (I95Q who obtained equipotent molar 
ratios relative to atropine on rabbit intestine of 3 4 for the diphenyl com- 
pound (Vn 77), 5 1 for Benzhexol (cf 2 2 above) and 0 97 and 3 7 for its 
metho- and etho-bromides, respectively for the cychpeniyl analogue of 
Benzhexol the ratio was 3 3 The high activity of some of the quaternary 
compounds was also noted by While, Green, and Hudson (1951), who ob- 
tained an equipotent molar ratio relative to atropine on rabbit intestine of 
0 82 to 1 2 for the methyldiethylammonium compound (VII 78) This latter, 
unhke the pipendino compounds, also had appreciable mydriatic activity, 
the equipotent molar ratio relative to atropine m imee was 1 1 Structurally 
this compound is distinctly reminiscent of Lachesme 
The pyrrolidine analogue of Benzhexol, Procychdme (VII 79, Montuschi, 
Phillips, Prescott, and Green, 1952) is less active, but the quaternary metho 
denvative, Tricyclamol (VII 80, Lee, Gibson, Dmwiddie, and Mills, 1954) 
IS very active These 3 phenyl 3 cyclbhexyl compounds all contain an asym 
metnc carbon atom and Duffin and Green (195^ have compared the activity 
of the optical isomers The results (Tabic VII 19) show that there is a high 
degree of stereospecificity, the (— ) isomer being considerably more active 
than the (+■) The results also indicate the high activity of Tneyclamol, the 
equipotent molar ratio relative to atropine on guinea pig ileum being 1 2 for 
the racemate This compound, like some of the other quaternary salts, has 
appreciable activity on the eye and has some ganglion blocking activity 


R-Q. 

R- Ph . 

K-O. 

r-Q. 

R-Q. 
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TABLE VII t9 


Aetiuty of Optuat Isomers 


Cf 




The scereospecific index u (he number of molecules of the (+) isomer producing the same 
effect as one of (he (— ) isomers Long Luduena, Tullar, and Lands (1956) recorded a 
stereo^pecific index of 160 for (he isomers of Bemhexol on rabbit intestine and of 30 for 
the slightly less active 1 0'f^‘’l'exyt l-(2 thicn)l)-3 pjpendino-propan 1 ol 


Duffin and Crten {.1955) 


Anotner closely related compound, Mepiperphemdol {Darstme, VII 81), 
has been reported to have atropme-likc activity on rabbit intestine com- 
parable with that of Methanthehne (McManus, Bochey, and Beyer, 1953), 
but less than that of atropine itself It is extremely effective m reduang 
gastne secretion (McCarthy, Evans, Ragins, and Dragstedt, 1953), but this 
property may not be entirely ascribed to its ability to antagonize the actions 
of acetylcholine at the postg^nghontc cholinergic receptors, because the 
compound reduces gastric secretion m preparations in which the parasym- 
pathetic nerve supply to the stomach has been cut 

Marked ability to reduce gastric secretion is also found in 4-diphenyl- 
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Me Me 
¥ 

Ph— CH ^OH 


methylidene-NN-dimethylpiperidimum iDiphemanil, Vlt 82, Margolm et al , 
1951 ; this compound is also called Pranial, but should not be confused with 
NN-dimethyl-N'-phenylpipcrazinium, VI 21, a ganglion stimulant with the 
same name) The effects appeared to be comparable with those of Methan- 
thehne, but the compound was only about half as active It was not particu- 
larly active on isolated guinea pig intestine, 
the equipotent molar ratio relative to atro- 
pine being 8 0, and bad virtually noniydnatjc 
activity It had some ability to block trans 
mission in ganglia 

The compounds so far discussed can be 
divided into substituted propylammes, 
substituted 3-amino-propan-l-ols, and a 
few substituted 3-amino-n-butyronitnJes 
Activity has also been observed in molecules containing an amide link 
attached to the propyl chain, such as 4-dimethylammo-2 2 di phenyl n- 
va\eTa.mi^e{Aminopent{inude, VII 83, Hoekstra and Dickison, 1950, Cazort, 
1950, Hoekstra, Tisch, Rakieten, and Dickison, 1954) The equipotent molar 
ratio relative to atropine on rabbit intestine is 2 1 
Activftydecreasesuponmelhylation,forthemethosalt 


“\ 


Mrpiperphenldol VII 81 






the ratio is 20 

Ph' Me De Jongh, Van Proosdij Hartzema, and Janssen 

Dipfiemaml, Vim (^955, Jageneau and Janssen, 1956) have examined 


many compounds of this type and observed con- 
siderable atropme-like activity, both on the intestine and on the eye, in the 
quaternary metho derivative of 4 di isopropyhmino-2 2-diphenylbutyr- 
amide {Priamide, VII 84), the equipotent molar ratio relative to atropine on 
rabbit intestine was 0 85 and the base itself was much less active, the ratio 


Ph^ ^CONH, 

p/ \h,CH — NR' i 
R 


R- Me , NRj NMcj , Amwopentamde , VII 83, 
R"H, NRj - NwoFrjMe. Pnamide, VII 84, 
R-H, NRi~N^, VII 85. 

R-H, NRi«Ny . VII 86 


being 12 Even higher activity was found in the methylpipendmium analogue 
(Vlr85, ratio, 0 41) and in the methylpyrrolidmium analogue (VII 86, ratio, 
0 71), both these quaternary compounds being more active than the parent 
tertiary bases 

A number of phenothiazme denvatives have been found to have some 
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atropine like activity The ester Transergan has already been mentioned (page 
227) and the carbonyl linked compound Secergan (VII 87) appears to have 
similar activity, the cquipotent molar ratio relative to atropine on guinea pig 
intestine being I 9 (Wiedlmg, 1957) Other phenothiazines are less active 
For Promethazine (VII 88) and Diethazme, (VII 89) for instance, the ratios 



R = CO-CHMcNMc. Secergan Vn87, 

R = CHiCHMcNMe, Promeihaime V088, 

R = DIethazbie, VII 89 

were 4 I and 22 respectively Similar results have been obtained by Domenjoz 
and Theobald (1959) With series of phenothiazines l»a!kyl*4 5dihydro2 3- 
6 7 dibenzazepmes (such as Imlpramme, Vn 90) and I alkyl 2 3 6 7 di 
benzazepmes The equipotent molar ratios relative to atropine on rabbit 
intestine were 94 for Dieikazine 30 for Promethazine and 11 for Ethopro- 
patine, which was the most active on the compounds studied on this pre* 



Imlpramme VII 90 

paration The value for Imipramme was greater than 150 Many of these 
substances have ganglion blocking properties as well as depressant effects on 
the central nervous system which might make them of value in depressing 
gsstcicsecrctcoa sad mddityia eatsctsamsls Alssj’of tbsai s!sa salsgiaaiss 
the effects of histamine, but this is unbkely to account for any effects on 
gastnc secretion, because the action of histamine in causing secretion of 
gastric juice is unaffected by any of the antihistanune drugs so far known 


Discussion 

The most active compounds those with an equipotent molar ratio relative to 
atropine of less than 1, are listed in Table VII 20 Although it is very difficult 
to justify collecting together the results from such a vanety of experiments 
in this way, it seems likely that the Tabic gives some idea of the relative 
activity of the compounds Figures obtamed for some of the compounds by 
direct comparison in a fauly comprehensive test of atropme-hke spasmolytics 
by Wiedlmg (1957) are shown in Table VII^l These agree reasonably 
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TABLE VII 20 
Summary 

Actnlty of Antagonists at Postganghomc Cholinergic Receptors in Guinea pig 
Intestine 


\ 

1 

Equipotent molar 
ratios relative 
to alropme 

(— )-MethohyosQ'aminium 

047 

(— >-Methohyoscmium 

on 

(±)<i Phenyi-a llucnylacetyltropme (VI! J4) 

024(r) 

(Benzdoyloxycthyl)ethyldimethylammonium (VII 43) 

096(r) 

(Beimloyloxyethyl)mcthyldiethylammonium 

0 8-1 6* 

(±)*(* PheoyI-« cyc/ohexylglycoUoyIoxyethy!)mcthyIdiethyl 


ammonium (VIUl) 

10 

pCanthenyl 9<aibox}%thyl)inethyldiethylafnmonium (Vll 54) 

048 

{Xanthenyl 9<atboxycthyl)methyldi iropropylammonium (VII 55) 

040 

(±)^“ Phenyl-« 1 bj'droxye><'7iJheryIcarboTyeibyl)mMhy] 


dicthylammoniuni (VII 59) 

0 39 (r) 

(±><«’ 0 '«!op«ityl*« 2 thienylglycoUoyloxyethyDmcihy! 


diethyhmmonium (V]1 62) 

039(r) 

(±>■3 ^nziloyloxyquinuclidme (VII 69) 

046(r) 

Be^oylthioethyldiethybmioe (VI! 72) j 

0 61 

(±H1 Phenyl l-eK/<?hexyl l-hydroxy-rtpropyOmetbyldjethyl 


ammomum (VII 78) 

0 82-1 2 (r) 

(— K! Phenyl 1 cyctohexyl 1 hydroxy n propyl)methyIpyTrolidinium 


(VII 80) 

051 

(—Ml Phenyl 1-cyc/chexyl 1 hydroxy n propyOethylpyTTobdmium 

0 79 

(1 1 Diphenyl l<arbamoyI n propyl)mcihyl-di lioprepyl 


ammozuum (VII 84) . 

0 85 (r) 

(1 1 Diphenyl l-carbamoyl n propyOmethylpipcridinium (VII 85) ' 

0 4 (r) 

(I 1 Diphenyl l-carbamoyl n propyl)me(hyIpyTrotidinium (Vll 86) i 

0 71 (r) 


• Calculated from esttnates of Kb 
(r) indicates expenments on rabbit intestine 


Activity of Antagonists at Postganglhmc Cholinergic Receptors in Giijnea pig 
Intestine 


! 

1 

Equipotent molar 
ratios relative 
to atropine 

Syntropan (yil 41) \ 

IS 

Pavatine (VII 48) 

50 

TrastnUn H (VII 46) 

20 

Caramiphen (VII 56) 

46 

Melhantbehnium (Vll 54) 

0 83 

(— >Hyoscine 

0 40 

{— >Methohyoscinium 

0 30 


mediwg U957) 
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satisfactorily with estimates for the same compounds shown in Table VII 20 
(Wiedlmg’s results were not included m this Table) 

Atropine itself appears to be a hi^y active substance Although several 
compounds are more active than it, even the strongest of them, N-methyl- 
hyoscinium, is not more than ten times as powerful Few of the compounds, 
m fact, are more potent than (— )-hyoscyaminc 
Most of the compounds m Table VU^ arc quaternary salts, and as a 
general rule it appears that quatcrmzation with a small alkyl group increases 
activity The chief exception to this generalization seems to be the metho 
derivative of (±)-3-bctt2iloyloxyquinuchdine 
Examples of the relative activity of stereoisomers arc given m Tables 
VII 14 and VII 19 It is remarkable that m all the instances where resolution 
has been achieved and the individual isomers tested, the (— ) isomer is 
invariably more active While it is reasonable that the active isomers should 
all be related to (— )-S-hyoscyamine, it is surprising that in such a variety of 
compounds these should all have the same sign of rotation 
The extreme stereospecificity exhibited by atropme-like antagonists of 
acetylcholine should be a valuable clue about how the compounds become 
attached to the receptors At least three points must be involved, Long, 
Luduena, TuUar, and Lands (1956) consider the likely groups m atropine to 
be the onium nitrogen atom, the ester carbonyl group, the tropyl hydroxyl 
group, and the benzene nag The receptor ^oup binding the onium atom 
must be identical with that binding acetylcholine This has not been considered 
m detail m the discussion of the relationships between chemical structure 
and agonist activity (pages 207-2! t).some of the most valuable results, such as 
those of Scott shown in Table VII 13, having been obtained with antagomsts 
Although replacement of one methyl group m the catiomc head of acetyl* 
choline by an ethyl group leads to a decline in activity, it appears to lead to an 
increase in affinity The drop m activity is presumably due to a big decrease 
m efficacy Replacement of a second methyl group by ethyl leads to a further 
slight increase in affimty and a marked drop in efficacy, it is remarkable how 
many compounds m Table VII 20 are methyldiethylammonium salts The 
situation at the onium nitrogen atom m tropine, however, may be different 
Although the tropine portion in atropine may be replaced by other ammo 
alcohols, such as choline (or, more properly, the choline portion of acetyl- 
choline can be replaced by tropine), the substituents on the onium nitrogen 
atom may not be orientated in the same way m tropine as they are in choline 
Although n-butylatropmium, for instance, is feeble compared with methyl 
atropimum (Gyermek and Nador, 1957), a systematic study of affimty con 
stants and of the activity of quaternary salts of acetyltropine does not appear 
to have been made In quinuclidin-S-ol the arrangement of the groups m the 
cationic head must be, yet again, quite diflerent An attempt to illustrate this 
IS made m Fig VII 5, but the point is better illustrated by the examination 
of models It must, however, be remembered that, although the qumuclidme 
ring structure is ngid, the tropine structure could exist in a boat form as 
well as the chair form, and in acelylchoJinea verygreat degree of flexibility is 
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possible There is no reason, nevertheless, to suppose that the cfiecls on 
affinity of methylation must be the same m cholme as they are m tropines, 
and they are certainly not the same m esters of quinuclidme-3-oI 
The importance of the carbonyl group may be questioned, because there 
are many compounds with considerable activity which lack it As a polar 



O 

chair b boat 


*rmq* 

extended ^ (Sorwm 1959) 

Fio VII 5 Possible arrangements of the groups about the onlum nitrogen atom in a 
qumuclidin Z-ol, b tropine and c choline Note In hyoscine compounds additional 
attachment may be provided by the epoxide oxygen atom 

group it may contribute to some extent to the affinity, but it appears to be less 
important than the hydroxyl group or the benzene ring Scott (1962) has 
assessed the contribution of the hydroxyl group to the free energy of adsorp- 
tion by companng the affinity constants for diphenylacetic esters with those 
of benzihc esters The values (Tabic VII 22) are quite high, of the order of 
TABLE VII 22 

Effect of Hydroxyl Group on Free Energy of Adsorption 
Figures obtained by comparison of aflinily constants of diphenylacetoxyethyl and 
benxilyloxyethyl tnalkylammonium salts 

PhjCHCOOCHjCHr-NRs and I*h-COHCOOCH*CHs-NRa 
(The actual values of K are shown m Table Vlt 1 3) 


Rs- 

(— dg, cals ) 

Mej 

1,930 

Me2Et 

1,830 

MeEt2 

2,060 

Ets 

1,750 


2 kcals, and are apparently independent of the number of methyl groups 
attached to the onium nitrogen atom This would be consistent with the 
hypothesis of Long, Luduena, TuIIar, and Lands (1956) that the hydroxyl 
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group forms a hydrogen bond with a receptor group at this point, but it 
cannot be the same as the receptor group which is postulated as binding the 
ether otygen atom m muscanae la the latter the receptor group must con- 
tain the hydrogen atom, whereas m the former it is attached to the antagomst 
molecule The receptor group binding the hydroxyl group m atropine and 
benzilic esters, however, might possibly be the same as that which may bind 
the hydroxyl group in muscanne 


M2 

s 



FIC VII 6 
(— ) S Atropine 


The importance of the benzene nog in atropine has been known ever 
since the work of Pyman (1917) but must be ascribed to its size and shape 
rather than to any effects on the distribution of electrons within the molecule 
and on the activation of other groups, such as the ester link Lands and 
Luduena (1956) have found the cyc/ohexyl analogues are almost, though not 
quite, as active, and even analogues with large alkyl groups have appreciable 
activity Lands and Luduena describe them as ‘an umbrella hke mass which 
may form a protecting shield over the receptor surface, thereby preventing 
close approach of stimulating molecules such as acetylchoUne’ Another 
possibility is that this part of the molecule is held at the receptor surface by 
multiple Van dcr Waals’ forces, the surface itsclfbeing flat, and consequently 
a benzene nng provides the best fit and strongest attachment 



FIO vil7 
Ji BenzAexoI 


In (— ) hyoscyammetherclalivcpositionsoftheomum group, the hydroxyl 
group, and the benzene ring appear to be critical the affimty constant for the 
S tropyl ester, m which the groups are arranged as in Fig VII 6, being some- 
thing hke 100 times the affinity of the mirror image, suggesting that the free 
energy of adsorption differs approximately 3 kcals If the groups in the 
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substituted propanolamines, such as BenzhexoJ, must be arranged similarly, 
It should follow that the active (— ) isomer should have the Reconfiguration 
(Fig VII 7) 

It may, however, be unjustifiable to compare the two types of molecule 
The stereospecificity of Benzhexol and its analogues is very odd, because it 
indicates that the receptor can distinguish very clearly between a benzene 
ring and a cyc/ohexyl ring, yet the 1 ^ 1-diphcnyl compounds arc only slightly 
less active than the l-phenyl«l cyetohexyl compounds Further, the «-phenyl- 
« cyc/ohexyl-p-hydroxypropionic ester of 2 diethylaminoethanol ^1191) 


a 




CO — O — CHiCHiNEt, 


has been prepared by Blickc and RafTelson (1952) and does not appear to 
be particularly active (Lands and Luduena, 1956) In the 1 1-diphenyI and 
I'phenyM cyc/ohexyl compounds, moreover, the two large groups interact 
stencally, they cannot, for instance, both lie m the same plane It seems also 
hkely that they may interact with the large substituents on the onium atom 
(which IS only 3 carbon atoms away), because the degree of stereospecificity 
shown m Table VII 19 appears to depend upon the substituents on the 
onium group It is much less for the tertiary bases than for the quaternary 
salts, and apparently less for metbo-salts than for etho salts In view of all 
this, the adsorption of these compounds may be quite different from that of 



FIG VIl8 
S Benzhexol 


the tropyl esters The cyclohexyl group may act because of its stenc effects 
on the rest of the molecule, rather than by combining with the receptors, 
and the situation may be that shown m Fig VII 8 This is the mirror image 
of Fig VII 7, It indicates that the S compound should be active and might 
explain the inactivity of the « phenyl « cyclohexyl p hydroxypropionic ester, 
Vn91 It would be very interesting to know the absolute configuration of 
these active (— ) isomers It would also be very interesting to have more 
information about the activity and stereospecjficity of tropyl \}) tropine 
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Conclusion 

It IS unpossible to come to any definite conclusion about the structure of 
postganglionic cholmeryc receptors The diousston in this account has been 
chiefly concerned with the receptors m the guinea-pig ileum, because it is on 
this tissue that the most precise results have been obtained Although it is 
possible m these circumstances to consider the interaction between pharma- 
codynamic groups on the drug and receptor groups, such a discussion tends 
to produce more queries than answers It is with antagonists that informa- 
tion must first be obtained, only when the effects of structure on affinity 
have been worked out is it possible to assess the separate effects of structure 
on the activity and on efficacy in agonists From the study of pairs of senes 
of compounds, one being agonist and the other antagonist, Scott (1962) was 
able to show the importance of a 3-efher oxygen atom for efficacy Why 
this should be so and what is implied by the word efficacy at these receptors 
IS yet another unsolved problem, so arc the factors which make one drug 
active at the receptors in the eye when another, equally active at the receptors 
in the intestine, is not 
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Compounds Affecting Cholinesterases 


Introduction - Physiological consequences of blocking cholinesterases - Uses of 
inhibitors of acetylcholinesterases - Physiological testing of inhibitors of cholines 
tcrases - Biochemical testing - Methods - Source and purity of enzyme - Degree of 
saturation - Assessment of inhibitory actnily 
SUBSTRATES Aliphatic esters - Aromatic esters - Effects of altering the choline 
residue - Effect of the composition of the onium group - Bis onium compounds 
INHIBITORS Compounds developed from esenne - Simple onium salts - More 
complex bis onium salts - Organophosphorus inhibitors of cholinesterases 
Evidence for attachment at two sites m the active centre - Importance of the 
anionic site - Nature of groups in the estcratic site - Actions of organophosphorus 
compounds at the estcratic site - Reactivators - Attachment at the active centre '• 
Relationships between ability to inhibit acetylcholinesterases and pharmacological 
properties - Conclusion 


Introduction 

In discussing the actions of acetylcholine. Dale (1914) considered the pos- 
sibility that the transience of its effects might be due to its rapid destruction 
m VIVO Loewi and Navratil (192Q obtained evidence that acetylcholine was, 
in fact, destroyed by extracts of frog heart, and Engelhart and Loewi (1930) 
obtained results which indicated that the destruction of acetylcholine by 
blood was an enzymatic process Stedman, Stedman, and Hasson (1932) called 
the enzyme ‘cholinesterase’ to distinguish it from other esterases which did 
not hydrolyse acetylcholine so rapidly Even this distinction does not go far 
enough, Allcs and Hawes (1940) pointed out differences between the cholin- 
esterases of serum and of red cells, and Mendel and Rudney (1943) suggested 
that the non specific enzyme found m serum should be called ‘pseudo- 
chobnesterase’ Mendel, Mundell, and Rudney (1943) observed that the two 
types of enzyme could easily be distinguished, pscudocholmesterasc, found 
m plasma, would hydrolyse bcnzoylcholine but not acetyl p methyl choline, 
whereas ‘true’ cholinesterase, found in red blood cells, m brain, and m 
nervous tissue, would hydrolyse acetyl-P-methylcholine but not benzoyl 
choline 

The terms ‘true’ and ‘pseudo’ arc rather misleading, particularly as it is 
now clear that there are not merely two different eni^mes but two different 
types of enzymes Augustinsson and Nachmansohn (1949) and Sturge and 
Whittaker (1950) have used the terms acetylcholinesterases and butyryl- 
cholmesterases to distinguish between the two The more specific enzymes, 
the acetylcholinesterases, hydrolyse acetylcholine very rapidly, but fail to 
affect butyrylcholine, and it is enzymes of this type which destroy the 
acetylcholine released at nerve endings, particularly at the neuromuscular 
junction 
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Physiological Consequcaces of Blocking Cholinesterases 
These are exemplified by the properties of the alkaloid esenne (physostig- 
mmc, Vin 20), the active principle of the Calabar Bean This substance was 
tested by Fraser (1864), but the first real indications of its mode of action 
came from the work of FUhner (1918), who observed that it potentiated about 
a million-fold the action of acetylcholine on the leech muscle, i e in the 
presence of a concentration of esenne which itself had no effect, contracture 
was produced by concentrations of acetylcholine which were only one- 
miUionth of the concentration previously required Loewi and Navratil (1926) 
showed that esenne stopped the destruction of acetylchohne by enzymes 
present m blood and suggested that it might be this which accounted for its 
pharmacological effects These are essentially those of acetylcholine itself, 
slowing of the heart, stimulation of secretions, such as sahvation, contracture 
of plain muscle, constnction of the pupil, and ultimately death from stop- 
page of the respiration 

Another consequence of blocking cholinesterases is to overcome the 
cQccts of substances which antagonize the actions of acetylcholine The 
actions of atropine at the postganglionic cholinergic receptors, for example, 
are antagonized by esenne and other inhibitors of acetylcbohnesterases, and 
contrariwise many effects of these inhibitors are counteracted by atropine 
At the neuromuscular junction mhibtlion of acetylcholinesterase will lead to 
a reversal of the effects of blocking agents such as (-i-Vtubocuranne, al« 
though the inhibitors by themselves may lead to the accumulation of suffl 
cieot acetylchohne to cause a block lo transmission 

Uses of Inhibitors of Acetyl Cholinesterases 

Substances which inhibit acetylcbohnesterases are useful m circumstances m 
which transmission is disturbed because supphes of acetylchohne are either 
deficient or appear to be defiaent because some antagonist is present One 
such condition is found at the neuromuscular junction m the disease myas 
thenia gravis There are many possible causes for this, too httle transmitter, 
too much cholinesterase, decreased sensitmiy of the receptors at the end 
plate, the action of an antagomst of acetylcholine present in the circulation, 
and these are discussed later (page 280) The symptoms are muscular weak- 
ness and fatigue, e g drooping eyehds. and are often restneted to individual 
muscles rather than extending generaUy to all voluntary muscle The con- 
dition, which greatly resembles paralysis produced by (-{-) tubocuranne, is 
improved by treatment with an inhibitor of acetylcholinesterase This, 
however, results in the accumulation of acetylcholine not only at the neuro- 
muscular junction but also at the postganglionic cholinergic receptors with 
consequent slowing of the heart, excessive salivation, gastnc secretion, and 
intestinal movement These particular side effects may require to be offset 
by the admimstration of atropine 

The action of inhibitors of acetylcbohnesterases at the neuromuscular 
junction in overconung the neuromuscular block produced by compounds 
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such as (+) tubocuranne has already been mentioned and appears to 
depend upon similar principles to their use m the treatment of myasthenia 
grmis The drawback, as in the use of any drug as an ‘antidote’ in a case of 
poisoning, IS that the time course of the effects of the inhibitor of acetyl 
cholinesterase may be quite different from that of the neuromuscular blocking 
agent There may be a drastic relapse following an apparently dramatic 
recovery or, alternatively the effects of the inhibitor may persist long after 
there is any need for them In any event postganglionic cholinergic effects 
will be produced, which are unpleasant and may necessitate the use of 
atropine It may, therefore, be argued that in the event of prolonged paralysis 
with a neuromuscular blocking agent the most logical treatment is artificial 
respiration using a machine 

Inhibitors of acetylcholinesterase are used m opthalmology for the treat- 
ment of glaucoma As already mentioned (page 189), cholinergic stimulation 
of the ciliary body may lead to improved drainage of the Canal of Schleram, 
and the effects of drugs which inhibit acetylcholinesterases last much longer 
than those of drugs, such as pilocarpine, which act directly on the post- 
ganglionic cholinergic receptors 

Inhibitors of acetylcholinesterases arc a potential threat as poison gases 
Many such compounds, some of which arc highly active, were developed 
dunng the war of 1939-45 and are known as the 'nerve gases Rather similar 
compounds which are more effective in inhibiting butyrylchohnesterases have 
also been produced and are of great value as insecticides It appears that m 
insects butyrylchohnesterases or closely related enzymes are more im- 
portant than acetylcholinesterases 

Ffa}’siological Testing of lohlbitors of Cholioesterascs 
As the actions of these compounds lead to the accumulation of acetylcholine, 
they produce effects which can be detected and compared by any of the 
preparations previously discussed for measuring the actions of acetylcholine 
and acetylcholine like compounds Stedman and Stedman (1926, 1929) 
for example, used the constnclion of the pupil of the eye of the cat as 
aw indication of ability to inhibit choUncsttiasts Salerno and Coon 
(1949) compared the concentrations of compounds which produced 
detectable changes m the spontaneously rhythmic contractions of rabbit 
intestine 

Blaschko, Bulbnng, and Chou (1949) compared the concentrations of com- 
pounds which produced comparable degrees of reversal of the blocking 
action of (+) tubocuranne on the rat diaphragm preparation The test 
compound and (4-)-tubocuranne chloride were added simultaneously and the 
concentrations adjusted so that at the end of a standard time 20 per cent 
inhibition of the contractions was observed (Fig VIII 1) It was found that 
when the dose of tubocuranne chlonde was plotted against the loganthm of 
the concentration of the test compound a straight line was obtained The 
logarithm of the reciprocal of that concentration which, when given with an 
arbitrary amount (180 itg) of (+•) tubocuranne chlonde resulted m 20 per 
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cent rcducUon jn the size of the contractions at the end of the standard tune, 

was termed the pDa 

In all these physiological tests the response observed is not necessarily 
dependent upon ability to inhibit acetylcholinesterases and could be pro- 
duced by substances acting like acctykholmc directly on the receptors The 
magnitude of the response, furthermore, depends upon the activity of the 
cholinesterases in the individual preparation, and this may vary considerably 
from one experiment to another or even during the time course of a single 
experiment The use of the magnitude of a physiological response, therefore, 
as an indication of the degree of inhibition of the enzymes is not satisfactory 
It would seem to be much better to assess directly the action of the com- 
pound in protecting acetylcholine from destruction by the enzyme 
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no vni I Physiotogteal effects of inhibition of cholinesterases estimation of 
ability to reverse the neuromuscular blocking action of (•I- ytuAocuranne chhnde 
a The effects of i+}-tubocitraruie chhnde (y (tg) on the contractions of the rat 
diaphragm preparation 

b The effects of the same dose of (,+yiubocurorlne chloride in the presence of 
the Inhibitor of cholinesterases (1/^ Mots) 

The toner section shows the method of calculating pDto, If the dose \ jA Mots 
of inhibitor reduced the inhibition of ihecontraclions to 20 per cent {After Btaschko, 
Biilbnng and Chou, 1949 ) 


Biochemical Testing 
Methods 

The destruction of acetylchobne can be folJoiAed by bioassay In the method 
desenbed by Bum (1952) the acetylcholine xs estimated on the frog rectus 
preparation Although this is very sensitive and substrate concentrations as 
lowasaboutS x 10~’Mcanbeused,itisextrcme!y tedious, anditiscasierto 
follow the destruction of acetylcholine by chemical methods Neither acctyl- 
chohne nor its hydrolysis products, dioline and acetic acid, can readily be 
estimated spectrophotometncally, although to estimate enzymic activity 
other substrates may be used which giw, or can be made to give, light- 
absorbing products (Koellc and Fnedenivald, 1949, Tabachmek, Mershon, 
Grelis, and Rubin, 1958, Main, Miles, and Braid, 1961) Most methods for 
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studying the hydrolysis of acctyldiohne depend upon the measurement of 
the liberated hydrogen ions This can most simply be done by continuous 
electrometric titration or by measuring manomctncally the carbon dioxide 
evolved from a bicarbonate buffer Continuous titration, using a glass 
electrode (Click, 1938, Alles and Hawes, 1940), is very sensitive, and it is 
possible to work with concentrations as fow as 10*® M, but it is very time- 
consuming unless automatic apparatus is available The manometnc method 
(Ammon, 1934) zs Jess sensitive and with most equipment the lowest con- 
centration of substrate which can be used is about 2 X 10~*M It IS, however, 
extremely convenient as many samples can be studied simultaneously 
It IS important that the pH is kept constant throughout the reaction be- 
cause the activity of the enzyme vanes greatly with pH The hydrogen ions 
must be neutralized as rapidly as they are formed, and it would not be 
satisfactory to use a method which involved the measurement of the amount 
of acid liberated after a measured tune 

Source and Purity of Enzyme 

The effect of an inhibitor may depend greatly upon the source of the cholin- 
esterase being studied When the anticholinesterase activity of a compound 
is being measured in order to obtain information about its physiological 
properties, it would be logical to use the same enzyme in Mtro as is present 
in the tissues in vivo This, however, is extremely difficult to do because the 
amounts of enzyme present m the tissues are usually very small Moreover, 
It IS usually necessary, especially if manometnc methods are employed, to use 
higher concentrations of substrate (acetylcholine) than those active in vivo m 
order to obtain effects (e g volumes of carbon dioxide) big enough to be 
detected In experiments designed to lest the ability of drugs to prevent the 
destruction of acetylcholine released from nerve endings, it is common to 
use as a source of acetylcholinesterases preparations obtained from red 
blood cells, from the caudate nucleus m the central nervous system, or from 
the electric organ of the electric eel eketrophorus electncus In experiments 
with butyrylchohnesterases it is common to use serum or plasma from the 
animal on which the physiological tests arc being performed 
■Neither acetylcholinesterases nor butyrylchohnesterases have as yet been 
obtained pure, and most expenments are performed on very crude matenal 
The richest of the sources mentioned above appears to be that from the electric 
eel 1 mg of this tissue will hydrolyse from 50 to 100 mg acetylcholine per 
hour, but punfied matenal has been obtained, 1 rag of which is capable of 
splitting 75 g acetylcholine per hour The sedimentation pattern in the ultra- 
centnfuge indicates that this is homogeneous and the molecular weight 
appears to be about 3 million (Nachmansohn and Wilson, 1951) Further 
purification has been achieved by Kewitz and NenholT (I960) 

A survey of the properties of the cholinesterases obtained from a vanety 
of sources has been made by Augustinsson (1948, 1949) and Nachmansohn 
and Wilson (1951) 
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Degree of Saturation 

Even though the conceatrations of substrate used in (he m vitro expenraents 
are much higher than those used in the m vivo experiments, the effects of an 
inhibitor in vivo can be assessed if the degree of saturation of the enzyme is 
comparable in vitro with what it is in iivo It is also important to work in 
vitro with an enzyme which is, as faras possible, similar to that present tn vivo 
In any expenments with inhibitors, therefore, jt is necessary to begin by 
studying the characteristics of the particular cholinesterase which is to be 
used To obtain some idea of the degree of saturation of the enzyme in the 
experimental conditions, it is simplest to plot the rate of reaction against the 
substrate concentration The rate of reaction should increase with increasing 
substrate concentration and at low levels of saturation of the enzyme the 
reaction appears to be of the first order AUes and Hawes (1940) observed 
that the reaction actually appears to be bimolecular, depending upon the 



Fio Vlii2 Effects of substrate concentration on rate of hydrolysis K, for the 
butyrylcholinesterase of human serum B for crude acetylcholinesterase of the 
electric eel C,for purified acetylcholinesterase (capable of splitting 20 g of acetyl 
choline per hour jvr mg of protein) 

The rate of the reaction is expressed as the number of \fJitres of carbon dioxide 
liberated from the buffer in 30 minutes, obtained by extrapolation of the results 
obtained in the early part of the experiment This is plotted against the logarithm 
of the substrate concentration AC^ = acetylcholine PrCH = proplonylcholine 
BuCh = butyrykhoUne PhCOCh = benzoykhohne MeCh = (Hyaceiyl ^ 
methylchollne (Redrawn from results of Augustinsson, 1949) 
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concentration of acetylcholine and upon the concentration of hydroxyl ions, 
but m experiments at constant pH the reaction will appear to be of the 
first order At higher concentrations of substrate, however, the enzyme 
becomes saturated and the reaction appears to be of zero order The effect 
of an inhibitor on the rate of hydrolysis of acctylcholme m these conditions 
will be much less than at lower concentrations, quite a considerable degree 
of antagonism, as measured by the reduction m the number of acetylcholine 
molecules bound to the active spots m a given unit of time, may result m 
only a small reduction m the rate of hydrolysis 
The investigation of the effect of substrate concentration on the rate of 
the reaction is particularly important when experiments are performed with 
acetylchohnestcrase With enzymes of this type the curve is bell-shaped (Fig 
VIII 2), indicating that high concentrations of substrate inhibit the reaction 
With the butyrylcholinesterascs, however, there is no inhibition by excess 
substrate The Micbaehs-Menten constant for acetylcholinesterases, t c the 
dissociation constant of the complex formed by acetylcholine with the enzyme 
(page 20), appears to be between 10*® and 10~* M Wilson and Bergmann 
(1950) obtained the value 2 6 x 10*^ M for the acetylcholinesterase of the 
electric eel, and this agrees closely with estimates for the acetylchohn- 
esterases denved from other sources, such as dog brain (2 9 x 10-^m) For 
the butyrylchohoesterases of serum the values he between 10*® and 10*® m, 
indicating a much less stable complex 


Assessment of Inhibiiory Activity 

In order to express the activity of inhibitors, the roost logical procedure 
would be to test if the inhibition is competitive and, if it is, detenrone the 
inhibitor constant Kt, which is the dissociation constant of the complex 
formed by the inhibitor and the enzyme (page 22) For the reaction in the 
ke 

absence of inhibitor the rate v s= Y+jTJs’ * is a rate constant, e the 
concentration of en^mie, S the concentration of substrate, and Ki the 
Michaehs-Menten constant for the en^me and substrate (page 20) In the 
pceseaoe of rniiinfor ra corrcwfirafftwi / sad fonaiag s corapisK whose 
dissociation constant is Ki, the rate 

/ he 

“ i + K,m + ijK,) 


(page 23) hence the ratio 


v/v' = 


1 + K,jS{\ -I- IfKi) 5 + AT, -f IKdKi , , IK, 

r+ A»/S S^Tk, ^ Ki{S -f K,) 


For competitive antagonism, therefore, the graph of v/v against the con- 
centration of inhibitor should be a straight line, passing through the pomt 
v/v' = 1 when / = 0 (Fig VIII 3), and from the slope the value of Kt can be 
determined if S and K, are known (Augustinsson and Nachmansohn, 1949) 
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If the effects of the inhibitor are studied at different concentrations of 
substrate it is possible to avoid measunng Kt directly Because 


v/v' = 


S + Km + JKJKt 


1 S-\-K, l{SKi, „\ 

v-v v/v' - 1 ~ IKmIKi ~~ I\ Km 


For competitive antagonism, therefore, the graph of 7 x “T/ asamst 
substrate concentration should therefore be a straight hne with a slope of 
KijK,, and when S = 0 the value I x ~z~y should equal Kt (Fig VIII 4) 
This procedure was developed by Hunter and Downs (1945) for studying 
inhibitors of arginase 



rio vxn3 Graph of v// against inhibitor concentration, I, for a eompenme 
antagonism, wfiere r is the uloctty of the control reaction end v the velocity in the 
presence of the inhibitor From the equation 


v]/^\ + 


IK, 


v/v' *= 1, nhen / == 0, Ki,S + /Q = ~IK, vehen v/v' = 0 and the slope of the 


Another method has been described by Dixon (1953) and is discussed on 
page 23 The disadvantage of this method is that it depends upon the con- 
vergence of two lines (Fig 1 9) and quite small experimental errors may lead 
to large changes m the estimate of Kt 
If the reaction is non-competitivc and of the type discussed on pages 14 
and 24, in which the formation of complex by the inhibitor is independent 
of that formed by the substrate, the rate 

, ke 

" “ (1 + //«)(! + K,IS) 

and i/v' = 1 + IlKi The graph of v/v agamst 7 will accordingly be a 
straight line with a slope of 1/Ai so this procedure does not distmguish be- 
tween competitive and non competitive inhibition, this distinction can only 
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be made by testing the inhibitor in diflerent concentrations of substrate If 
the procedure of Hunter and Downs (194^ is followed, 

which IS a constant independent of S (Fig VIII 5) For this kind of inhibitor 



ts) 


FIG viiM Graphofly. ■^^i^agatnstsubstrateconeenlTaUonyS,foracompeliii\e 
antagonum, where v « the \eloeUy of the control reaction and v' the xeJoctty in the 
presence of the inhibitor m a concentration I 
From the equation 

v' 

/ X — y = Kt when 5 “ 0, and the Ime has a slope of KifK, 





FIG viu5 Craphofiv. -^^-^againstsubstrateconcentrationtStOsinFig VIIIA, 
but for a non competitive antagonism of the type considered on pages 14 and 24 
The value ofix ~ ^ = Ki and is independent ofS 

control reaction regardless of the concentration of substrate The equation 
for the rate of the inhibited reaction can be written 

1/v' = (1 + KAS)i\ + l}Ki) X like 

and consequently the graph of I/i' against 1/5 for a particular value of I is a 
straight line passing through the point 1/v = 0, 1/5 = —Kt and differing 
from the graph for the reaction in the absence of inhibitor only m that it has a 
bigger slope (I + IjKCjK,fke instead of ^{ke Similarly, if following the 
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procedure of Dixon (1953), I// is plottnl against / for particular values of 

5, a straight line is obtained which passscs through the point I/m =0, 

/=-irj(paEe24) 

For a non-compelitive inhibitor, the concentration which reduces the rale 
of the reaction to half the control rate is a direct measure of Ku for if v/v' = 2 
IfKi » I Since this is usually a small fraction, it is convenient to express 
this as the loganthm of 1/Ai, which is sometimes called piso 

For a competitive inhibitor, however, the concentration which reduces the 
rate of the reaction to half the control rate is dependent upon the degree of 
saturation of the enzyme As has been shown on page 46, 1 + SjKs = IfKi 
and hence —log Ai = log (I *f SfKii + pIso For accurate estimations, 
therefore, it is necessary to establish the type of inhibition and the charac- 
teristics of the particular enzyme studied as well as the pljo 


SUBSTRATES 

Ahpbatsc EstSTS 

The substrate specificity of the chohncstcrases has been reviewed by Whittaker 
(1951) Only compounds closely related to acetylchohne are hydrolysed by 
acetylcholinesterases, but butyrylcbolmesterases are much less specific 
(Table VHI 1) There is some variation in the specificity of acetylcholin 
esterases derived from differeot sources, the enzyme from electrophorus 
electneus, for instance, does not distinguish between acetylcholine and 
propiooylcholine (Fig VIH 2), whereas the enzyme from red cells does not 
hydrolyse the latter as rapidly as the former (Fig VIII 6) The butyrylcholm 
esterases of plasma hydrolyses acetylcholine at a much slower rate than 
butyiylcholine (Fig Vin2) The Michachs-Menten constant for acetyl 
choline and the butyrylcholinestcrascs of human plasma is 10 ** (Augustins 


TABta Vlll \ 

Hydrclyih of Esters of Choluie Rates Expressed ps a Percentage of the Rate of 
Hydrolysis of an Equmiotar Concentration of Acetylcholine 


1 

1 AcetylcholtoestMases 

1 Butyrylcholinesterases 

Ekctnc 

eet 

Red 

oHts 

Human 
^ plasma 

Dog 

, plasma 

Horse 

plasma 

Formylchohne 

_ 

_ 

; — 

120 

_ 

Propionylcholine 

97 

80 62 

180 190 

no 

140 

Butyrylcholmc 

1 

8 2 

270 240 

— 

230 

n-VaI«ylcholiBe 

— 

I 

200 

— 

— 

Benzoylcholuw 

0 

3 


30 

2 

CarbamoylcboUae 

— 

— 


— 

0 

(iFAcctyl ? methykholiRC 

22 

38 


12 

1 ^ 

(±)-Acetyl-a mcthylcholine 

“ 

“ 


_ 



Rachmansohn and Rothenburg (/Ml) Kahane and Jxvy (/9i<S) Cl ck (J938) Sekut 
Hollarsi and Breland (IP62) 
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1 Equipotent molar ratios relative to acetylcholine 

Acetylcholinesterases 

Butyiylcholmesterases 

Electrw cel or 
red celb 

Human plasma 

Propionylcholme 

1-3 7 

05 

Butyrylcholine 

100-200 

04 

Benzoylcholine 

00 

34 

(±)-AcetyI-P-roetfayIchotinc 

5-T 

72 

Acetylthiocholine 

0-7 

0 23* 

Propionylthiocholine . 

— - 

05 

Butyrylthiocholme 


04 


* Figure calculated from the tesults of Koelle, 1950 
irurieIandSapelka09SS) ITi/rre/ (7959) 


son, 1949) and Grehs and Tabachnik (1957) have obtained a value of 10’^ ® 
for butyrylcholine and what should be the same enzyme It would seem, then, 
that the ^fference m rate could be ascribed only to an increase m the afBnity, 
but It IS possible, at tease with other substrates, that changes in the rate of 
hydrolysis may be due to changes in the rate constant for the breakdown of 
the enzyme substrate complex 

An increase m the length of the aliphatic acid clearly reduces the rate of 



Fio vm6 Effects of substrate concentration on rate of hydrolysis for the acetyl- 
cholinesterase of human red cells {compare mth Fig VIU 2, B and Q {Redrawn 
from results of Augustinsson, 1949 ) 
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hydrolysis by acetylcholinesterases, but the same is true even with butyryl- 
cholinesterases once the aliphatic acid is longer than n butyric Palmitoyl- 
choline, for instance, is not hydrolysed at all by the enzymes of horse serum 
(Ghck, 1938) 

The carbamic ester of choline {Carbaehot, VIII 1) is another choline ester 

yP 

H,N-Cf 

N>CH/:H,NMe, 

Carbaehot VHI 1 

which is not destro>cd by cholinesterases Ammon (1935) observed that it was 
unaffected by the enzymes of horse scrum, and Roepke (1937) showed that it 
would actually inhibit the hydrolysis of acetylcholine by these enzymes, 
although it IS not a very potent inhibitor The value of A( was 3 8 x 10^ 
(cf the value for cserine, 2 6 x 10'* in these expenments) 

R-0-CH,CHtN\fe, 

R «• CH,=CHCH,CO, Vin^ 

R =CH,=CHCO.Vin3. 

R-CH,-CMeCO VllU 
R-CHMe=CHCO.Vin5 

Esters of choline with unsaturated aliphatic acids have been studied by 
Grehs and Tabchoick (1957), Holmstedt and Whittaker (1958) and Sekul, 
Holland, and Breland (1962) Few of these are susceptible to hydrolysis by 
acetylcholinesterases the most active being vmylacctylcboline (Vm 2) and 
acryloylcholine (VIII 3) at about one tenth of the rate of acetylcholine for the 
enzyme from ox red cells, and * mcthylacryloylcholine (Vm 4) at about one* 

TABLE VIII 2 


Hydrolysis of Esters of Chohne with Vnsaf wared Ahptwnc Acids by Butryl 
chohnesterases of Human Plasma 


R-COOCH-CH-NMc 

R*= 

Rate expressed as percentage 
of rate of hydrolysis of an 
equimolar concentration (10 ^m) 
of acetylcholine 

Acryloylcholine 

CH*=CH- 

100 

Crotoaylcholme 

CHMe=CH- 

27,16 

Vmylacetyl 

CHi=CHCHr- 

190 

Pent 2-enoyl 

CHsCH*CH=CH- 

10 12 

P«nt-4-cnoyl 

CH*=CHCH2CH*- 

220 

« Methylacryloyl 

CHj=CMe- 

47 

o-Methylcrotonyl 

CHMe=<3Hc- 

n 

Murexine 

1 3-CH=CH- 

0 

Dihydromurexine 

p=rCH:CH, 

N^s^NH 

As rapidly as butyrylcholine - 
Ai - 10 *» 


Crths and Tahachnkk (.1957) Holmstedt end Whiiiaker (I9SS) Sekul, Holland, end 
Breland (1962) 
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fifth of the rate The isomeric crotonylcholine (VIII 5) is a feeble inhibitor 
(Kt, 17 X 10-^) Many of the compounds, however, are good substrates 
of the butyrylcholmesterases (Table A^II 2), but the presence of an ap double 
bond appears to reduce the rate of hydrolysis p methylcrotonylcholme is a 
weak inhibitor of butyrylcholmcsterase (Ku 6 3 x lO-s) 

Aromatic Esters 

Aromatic esters of choline are virtually unaffected by acetylcholinesterases, 
but are hydrolysed moderately rapidly by butyrylcholmesterases Ormerod 
(1953) has studied the effects of substituents on the velocity of hydrolysis 
when the enzyme is saturated, i e on the rate constant for the breakdown of 
the enzyme-substrate complex These results are particularly interesting 
because they indicate the factors which may affect this rate constant and give 
some idea of their relative importance in determining the actual rate of 
hydrolysis The reaction was studied at 25®, 30®, and 37®, and the effect of 
temperature on the velocity constant was used to assess the activation energy 

From the Arrhenius equation, 

r 

Ink = constant — ^ 

and from values of the rate constant at different temperatures E can be 
calculated The results (Table Vin 3) indicate some sort of correlation 


TABLE Vl»3 

Hydrolysis of Subsutuud Benzoyl Esters of Choline Effect of Substituent on 
Hydrolysis and on Activation Energy (E) 


Substituent 

Rate constant for enzyme 
of horse plasma 

Non- 

enzymic 

hydrolysis 

hyt 

£ 

(cals) 

1 

S 



ct-NOs 

264 

4 SO 

023 

13 3 X 10* 

+0 71 

/W“d 

313 

— 

013 

12 6 

+0 37 

mF 

2 70 

312 

022 

78 

+0 34 

p-F 1 

I 70 

258 

013 

117 

+0 06 

H 

190 

295 

0075 

63 

000 

m-Me ] 

064 

0 81 

010 

51 

-0 07 

p-Me 

0 40 

0 53 

0 038 

78 

-0 17 

p*MeO 

— 

, 0 1 approx 

0 065 

— 

-0 27 

o Cl 1 

195 

273 

0189 

— 

— 


IS the Hammett constant logJt/AoCpage ISO) 
Omerod ilPSSy. 


between the rate constant, which varied over roughly an 8 fold range, and the 
Hammett substituent constant, the activation energy did not change so 
markedly, but this depends upon changes in log k with temperature The 
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effects of the nature of the sutetituents on the spontaneous hydrolysis of 
these esters was much smaller than the effects on enzymatic hydrolysis From 
these results, therefore, it is possible to conclude that changes m the rate of 
enzymatic hydrolysis with structure could well be ascnbable to changes in 
the rate constant as much as to changes in afhnity, and that these effects 
might be due to the electromc effects of tiic substituents on the activation of 
the ester hnk 

Effects of Altering the ChoUne Residue 

Aliphatic esters of thiocholme are more susceptible to the action of chohn* 
esterases than are their oxygen analogues Hus is indicated in Table Vm 1 
and can be seen more clearly in Table Vm 4 The replacement of oxygen by 


TABLE Vin4 

Hydrolysis of Esters of ChoUne and of Thiochohne Rate Expressed as a Per 
centage of the Rate of Hydrolysis of Acetylcholine (S x 10“* m) 



Honesenim j 

[ Ox red cells 

pHSO 

1 

1 1 

64 

Acetyl thiocholme 

430 

■■ 


83 

(±>Acetyl P>m<thyIcboltae 

0 


18 

32 

(±)-Aoetyl P-cnetbylihiocbolme 

200 


120 


Benzoylcholme 

Cl 




Benzoylihiochotine 

40 




Butyryl thiocholme 

620 1 




insVelerylthioehoUne 

190 


■I 



Koelle 0950) 


sulphur increases the rate of hydrolysis of acetylchohne and of acetyl p- 
methylcholine by both types of enzyme, acetyl p-methylthiocholinc is even 
readily hydrolysed by butyrylchohnesterases, whereas acetyl p methylchohne 
is resistant With aromatic esters, however, the position appears to be 
reversed, beozoylthiocholme is hydrolysed less rapidly than bcnzoylchohne 
Another important observation which is shown in Table Vni 4 is that the 
relative rates of hydrolysis are markedly affected by pH In most experiments 
so fat desenbed the hydrolysis has been performed in a bicarbonate buffer 
usually somewhere between pH 7 and pH 8 The latter is about the optimum 
for the enzymes Koelle (1950) investigated the effects at pH 6 4 because at 
this pH the hydrolysis of acetyltbio^oUne can be made the basis of a 
histocbenucal test for cholinesterases Thiocholme but not acetylthiochohne 
will react with copper glycinatc giving copper thiocholme, which can be 
converted to copper sulphide by treatment with ammonium sulphide By the 
choice of suitable substrates this method has been developed to such an 
extent that it is now possible to tell histochenucally what type of enzyme is 
present and to compare roughly 'he amount of enzymic activity at different 
sites (Koelle, 1957, Holmstedt, IPjT) Ravin, Tsou, and Seligman (1951) and 
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Ravin, Zacks, and Seligman (1953) have descnbed a method based on the 
hydrolysis of p-naphtbylacetate followed by coupling to give an azo*dye 
The hydrolysis of the acetyl esters of and p-raethylcholine by the 
butyrylcholinesterases of horse serum was studied by Ghck (1938) (i)- 
acetyha-methylchoUne was split at about 70 per cent of the rate of acetyl- 
choline, but (±)-acctyl-P-methylcholine was hydrolysed at less than 2 per 
cent (see Table VIII 1) The hydrolysis of the latter was found to be stereo- 
speafic; the (— )-isomcr was not hydrol^ed, whereas the (-f)-isomer was 
apparently hydrolysed at the same rate as the racemate Only half the race- 
mate consists of (-f) isomer so it might be thought that it should be hydro- 
lysed at half the rate of the pure (-f) form, but in these experiments the enzyme 
was apparently over-saturated with substrate Beckett (1962) states that the 
('f)-S-isomer (VIII 6) is hydrolysed by acetylchohnesterase at about half the 


(+)*S*A«tyl ^methylcboline, VIII 6 


rate of acetylcholine, whereas the (— )-R-isomer is unhydrolysed and actually 
inhibits the reaction The isomers of acctyl-a-methylchobne, however, are 
both hydrolysed at approximately the same rate as acetylcholine 
Acetyl esters of vanous structures aaalogous to chohne, conteioing 
hydroxyl and quaternary ammonium groups, have been studied Click (1939) 
found that 2-acetoxymethyl (dimelhylpyrrohdinmm) (Vni 7) and (dimethyl- 
pipcndmium) (VIIIS) were hydrolysed by the butyrylcholinesterases of 



VIII? VIII 8 


horse serum at 43 and 45 per cent, respectively, of the rate of acetylcholine 
The isomenc 3-acetoxymethyl(dimcthyIpipendmium) (VIII 9) was only 
hydrolysed at about 5 per cent of the rate of acetylcholine and 2- and 3-acet- 
oxyethyl or acetoxypropyl derivatives were not apparently split at all 



vin9 VIII 10, 

o-lsomer, VIII 11 


Augustmsson (1949) found that m acetoxyphenyltrimethylammomum 
(VIII 10) was hydrolysed much more rapidly than the o-isomer (VIII 1 1) by 
the butyrylcholinesterases of human plasma and actually had a higher 
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affinity for the enzyme than acetylcholme itself, Kt was 10“® ’ as opposed to 
lQ-2 5 for acetylcholme The rate of hydrolysis, however, at high concentra* 
tions of substrate was lower than that of acetylcholme, indicating that the 
rate of breakdown of the en^me-substrate complex to yield hydrolysis 
products was slower than with a^tytchohae 
Baldndge, McCarviIle, and Fncss (1955) and Fness and Baldridge (1956) 
have studied the hydrolysis of the cif and trans isomers of 2 acetoxycycfohexyl 
and 2 acctoxycyc/opentyl trimethyl ammonium (VIII 12 and Vin 13) by 




n = 4 Vin 12, 
n = 3 VIII 13 


electric eel acetylcholinesterase The results (Table VIII 5) emphasize the 
importance of the relative positions of the ester group and the omum group 
because the cis isomers are hydrolysed faster than the trans With the cyclo- 
hexyl compounds the diSerence between the two isomers is less marked than 
with the e>c/opeotyl compounds, this could be because m the latter the dis- 
tance between the two groups is more or less fixed, whereas with the cydo- 
hexyl compounds there is some degree of flexibility It is interesting that the 
inhibitory activity of the products of the hydrolysis, the alcohols, is also 
greater with the cis isomers than with the trans 


TABLE VIII 5 

Hydrolysis ofi AeetoxyoycXohtxy! and cydoPenlyt irimeibylammontum by 
Eleelrte Eel Acetylcholinesterase 



pH 73 

Baldridge, McCanUle, and Fruss il95S) Frtess and Baldndge (J956) 


Effect of the Composition of the Oniom Group 

The effects on the rate of enzymatic hydrolysis of replacing methyl groups m 
the caliomc head of acetycholme by ethyl or acetoxyethyl are shown in Table 
VIII 6 With acetylchohoesterases the size of the omum group does not 
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TABLE vin 6 

Hydrolysis of Analogues of Acetylcholine 



Rate expressed as percentage of rate of 
hydrolysis of acetylcholine 

CHsCOOCHtCHji^s 

Aceiykholioesterase of 
dog a caudate nucleus | 
(substrate concentration ' 
6 X 10 *M) 

Butyrylcholmesterase of 
bone scrum 
(substrate concentration 
10-8 m) 

Rs = 

MesEt 

no 

72 

MeElt 

96 

49 

Eta 

94 

1 26 

Mej(CHsCHiO-OC-CHj) 

106 


MeKCHiCHjOOC-CHa)! 

22 

1 8 


HoUon and Sng {1949) 


appear to be particularly important, but with butyiylchoUnesterascs an in- 
crease m the size of the onium group considerably reduces the rate of hydro- 
lysis 

Roepke and Welch (1936), using haemolysed human blood as a source 
of cholinesterases, could not detect any difference in the rates of hydrolysis 
of acetylcholine, acetylphosphocholme (VUI 14) and acetylarsenocholine 
(Vin 15) Using horse seniro, Roepke (1937) found the Michaelis-Menten 
constant to be 8 0 X 10“’ for acetylcholine and 8 5 X 10“’ for acetylarseno 
choline 

X)-CH,CH»--X 

X •= PMes vtll 14 
X = AsMcs VJII 15 
X = SMe, VIII 16 
X = CMcs VIII 17 

The sulphonium analogue of acetylchohne, (acetoxyethyl)-diinethyIsul. 
phoruum (VIII 16, Frelog, Jubasz, Rezek, and Stem, 3942), does not appear to 
be hydrolysed quite as rapidly as acetylcholine by the en 2 ymes of horse serum 

The carbon analogue of ac^Icholine, 3 3-dimethylbutyJacetate (VIII 17, 
Adams, 1949, Adams and Whittaker, 1949), m which the positively charged 
quaternary nitrogen atom is replaced by an uncharged quaternary carbon 
atom, IS hydrolysed by the acetylcholinesterases of human red cells at about 
60 per cent of the rate of hydrolysis of acetylcholine, in concentrations of 
substrate which should give maximal rates of hydrolysis This rate is actually 
1 8 times as fast as the rate of hydrolysis of acetyl p methyl choline by this 
nzymc, this latter substance being hydrolysed at about 33 per cent of the 







258 Introduction to Chemical Pharmacology 

rate of hydrolysis of acetylcholiae (cf Table Vni 4) With the butyryl- 
cholinesterase of human plasma, however, 3 * 3*dimethylbutylacetate is 
hydrolysed only at about 35 per cent of the rate of hydrolysis of acetyl- 
choline 


Bis-oniom Compounds 

A senes of polymethylene bts acetoxycthyldimethylammonjum salts (Vin 18) 
was studied by Barlow (1955), and it was found that the rate of hydrolysis 
vaned greatly with the length of the polymetbylene chain (Table VIII 7) 


Me Me 
R = CHsCO. VllI 18, 
R-H.Vini9 


With the acetylcholinesterase of dog's caudate nucleus there was a sharp 
maximum m the rate of hydrolysis at the octamethylene compound, which 
was hydrolysed at about 60 per cent of the rate of hydrolysis of acetylcholine, 
though It must be remembered that this compound contains two ester groups 


TABLE VIIL7 


Hydrolysis of PoJymethylent bis-Aeeloxyeshyldimelhylammonlum Sails 


CH>COOCH,a^tN^fe, 

Rate of hydrolysis as perccDtaye of rate of hydrolysis 
of aeeCyIdioline (sulKtrate concentntioD. ID** m) 

CH>COOCHTCK-NMet 

Acetylcholuiesterase of 
dogs' caudate nucleus 

Butyiylcholmesterase of 
horse serum 

4 

0 

23 

5 

4 

72 

6 

8 

67 

7 

30 

88 

8 

61 

77 

9 

36 

84 

10 

29 I 

71 

11 

12 

76 

12 

9 

72 


Barlow iI95S) 


With the butyrylcholinestcrasc of horse scrum the effect of chain length on 
rate of hydrolysis was less marked, all the compounds with a polymethylene 
chain of more than 4 carbon atoms were spht at rates of between 70 and 90 
per cent of that of acetylcholine, but there is the suggestion that the odd- 
numbered membersweresphtmorerapidlythantheeven numbered Although 
these compounds were substrates of the diolinesterases, they themselves in- 
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hibited the hydrolysis of acetylcholine m expenraents in which both sub- 
strates were present The polymethylene buhydroxyethyldimethyl ammonium 
compounds (VIII 19) produced by the hydrolysis of these acetoxy compounds 
also inhibited the hydrolysis, with both types of enzyme, affinity (le in- 
hibitory activity) appeared to increase with chain length, being greatest m the 
dodecamethyJene compounds, the highest homologue studied 
Although It IS possible by studying the substrate specificity of the cholin- 
esterases to obtain some picture of the structure of the active spots on the en- 
zymes and of the processes occumng at them (see, for instance, Adams and 
Whittaker, 1950), much additional information, particularly about the struc- 
ture of the active spots, can be obtained from considering the chemical struc- 
ture and actions of substances which arc only inhibitors of the enzymes 
These will therefore be discussed next 


INHIBITORS 


Compounds developed from Eserine 

Esenne (Vm 20) is a tncyclic structure containing a urethane group To try 
to discover what part of the molecule might be associated with physiological 
activity, Stedman and Stedman (1926, 1929) made three senes of urethanes. 


Me — N— C — 0 

I 

H 


MO 


1 I 

Me Me 


R — N — C — O' 
H 




CHjNMe, 


denvatives of dimethylaminophenols (VDI 21), of (dimethylammomethyl)- 
phenols (VIII 22), and of («.dimethylaminoethyl)phenols (VIII 23) The 
compounds were tested for their ability to produce constnction of the pupil 
in cats’ eyes and to inhibit the hydrolysis of methylbutyrate and of tnbutynn 


R — N— c— O' 


CH— NMci 


VIII23 

n- Compound R ** Me, 
A//<»/wie.VIU24 


by an esterase obtained from pig hver The most effective compounds were 
esters of N-methylcarbamic acid, the compound Miotme (VIU 24) being par- 
ticularly potent The corresponding phcnylcarbamic esters were inactive The 
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effects of the onentation of the substituents and of quatermzation were quite 
different in the three series CTable Vni 8) The increase m activity brought 
about by quatermzation in some senes is not observed with esenne itself 
Esenne methiodide is slightly less active than esenne itself both in tests in 
VIVO (Acschlimann and Reineri, 1931) and in vitro as an inhibitor of the 


TABLBVlIlS 

Miotic Activity of Methylccabamic Ezters on Cats' Eyes 



Base 

Quaternary 

sslt 

Effect of 
quatenuza- 

tlOQ 

McNHCOO-^_^NMe* 

MeNHCOO — 

MeNHCOO 

o>p>m 

o>p>m 

m>o^p 

m> o and p 

n > m, p in- 
active 

m increased 

0 and p de- 
creased 

0 increased, m 
decreased, 

P abolisbed 


Sledmm and Sledman (1926, 1929) 


butyzyleholioesterases of horse serum (Schweit 2 er, Stedman, and Wnght, 
1939) 

Unfortunately, the enzymes studied in this work do not resemble the 
acetylcholinesterases present at the synapses where acetylchoLne is trans- 
mitter, and there was no strict correlation between physiological effects and 
the abihty to inhibit the enzymes The most active inhibitor, the methyl- 
carbamic ester of m hydroxyphenyltrimclhylammonjum (VIII 25), was not as 



vni^ 


active as Miotme in producing constnction of the pupil White and Stedman 
(1937) tested the two optical isomcrsof A/iorinoand found the(— )-isomcr to be 
more toxic, but as inhibitors of the cholinesterases of serum the (— ) isomer 
was not always more active than the (-)-) isomer, with serum from some 
species the latter was the more active, but in none of the tests was there a 
high degree of stercospecificjty The isomers differed in activity at the most 
only by a factor of about 3 

Aeschhmann and Remert (1931) examined dialkylcarbamic esters, which, 
in contrast to esenne and Miotme, are stable in aqueous solution These were 
tested on cats’ eyes and on isolated rabbit intestine Of the m compounds the 
most active was Neostigmine {Prostigmine, Vni26) The corresponding 
tertiary base (VIII 27) was only feebly active, about 100 to 200 times as much 
was needed in order to obtain miosis, and between 25 and 100 times as much 
of the dicthylaramo analogue (VUI 28) Other examples indicated that when 
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the phenols contained a quaternary group, the esters of dimethylcarbamic 
and were more active than those of monomethylcarbamic and, eg the 
methiodide of the dimethylcarbamic ester of 8-hydroxyqumolme (VIII 29) 
was more active than the methiodide of the corresponding monomethyl* 
carbamic ester (VIII 30) 


-Or" 


X = NMe,. Neostigmine, VllI^, 
X « NMe,. VIIU7. 

X = NEt„ VI1IJ28 
X =■ l5E»,Me. FJJSfJ, VIII 34 



R O 

R=*Me, VIII 29. 
R=H,Vin30 


The monophenylcarbamic ester analogous to Neostigmine (VIII 31) was 
inactive, but the phenylmethylcarbamic ester (VIII 32) had feeble activity 
(Aeschlimann and Stempel, 1946) This was increased about 100-foId by 
substitution of a p-chloro group, and to a less extent (about 20-fold) by a 
p-methyl group, m the phenylmethylcarbamyl part of the latter, but was de- 
creased by substitution of other groups such as o- and m-chloro or methyl 
Thep-chloropbenylmethylcarbaraic ester (VIII 33) appeared to be more active 
than Neostigmine, the equipotent molar ratio on rabbit ileum and as an in- 
hibitor of the hydrolysis of acetylcholine (concentration not stated) by the 
acetylcholinesterase of electnc eel was around 0 2 
o 

R = H,R =*H. VIII3], 

R = Mc,R =H,V11I32. 

R = Me, R' = a, VIII 33 

The abilities of some of these compounds to inhibit cholinesterases arc 
shown m Table VIII 9 This also shows the effects on activity of replacing 
methyl groups m Prostigmine by ethyl groups , the high activity wi vivo of the 
mcthyldiethylammoQiuin compound, F 339S (VIIf34), had been noted by 
Schweitzer, Stedman, and Wnght (1939) The values of —log Ki m these 
expenments appear to be 8 4 for csenne and 8 7 for Neostigmine, but these 
may not be very accurate because of the high degree of saturation of the en- 
zyme (s = 20 X Kt) Augustmsson and Nachmansohn (1949), using the 
method described on page 247, obtained values of 7 2 for esenne and 6 8 for 
Neostigmine with the acetylcholinesterase of the electnc eel Wilson (1955) 
obtained a value of 7 0 for Neostigmine and electric eel acetylchohnesterasc 
at 25" Todnek (1964), using the chohnesterases of rat brain, obtained values 
of 6 Sforthepiso of esenne and6 6forNeostigmmewithl2mMacetylchohne 
as substrate at 38" For the butyrylchohnesterases of horse serum, Schweitzer, 
Stedman, and Wnght (1939) found esenne to be a slightly more powerful 
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TABLE Vni9 

Effects of Esenne, Aflolbte, Neostigmine and Related Compounds on 
OtaHneslerases 




phi 

pfso 




of dogs 

ButyrylChE 
of horse 

pDao 



nucleus 

scrum 




74 

72 

760 

-NMejEt 

3392 

80 

73 

819 

-NMeEtj 

3393 

82 

80 

BS7 

-NEti 

520a 

72 

74 

659 

MeNH COO^]1-6 iNM(1 

Mlallne I 

72 

64 

7 85 


Eserine 

71 

77 

721 






CO 

3$ 

71 

76 

623 

M«,NCOO 






Nul2S0 

1 

74 

79 

726 


Null97 

69 

71 

731 

m.,xcoo-Q^ 

Nil 683 

62 

85 

544 

M*jNCOO-Tp^ 

SI30 Pyrido- 
stigmine 

64 

58 

526 

UejNCOO-^J-N^, 

52201S 

45 

44 

477 

O 






The subsirale for the e)»penmait5 with Bcelylchohaesterascs was acetylcholine 
6 X 10~* M if It Is assumed that Kt for this enzyme is 3 X 10^ m (page 247) values of 
— log can be obtained by addini: Jog 21, je 1 32, to the values of pl» (page 250) The 

substrate m the expenments with butyryJcholmesterases was benzoylcholine, 6 x 10~*u 
The value of pDis is an estimate of abiLiy to antagonue the effects of (+>tubocurarine on 
the rat diaphtagnt PTCpanitioa ^age ^7) Tempc«tws7?'C 
Blesehko Butbring, and Chou IWP) 

inhibitor than Neostigmine, but esenne meihiodide slightly less powerful The 
monotnethylcarbamyl analogue of Neostigimne (VIII 25) was more active, 
being comparable With the methyldtethylammonium compound, PSJPJ 
The compound (m hydrDxypbenyl)cthy!dtmcthylammonium (Edrophonium , 
Tensilon, VIII 3^, which lacks the dimcthylcarbamyl group, is a particularly 
interesting substance because it reveals some of the weaknesses in the expen 
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mental methods The ability of this compound to reverse the neuromuscular 
blocking action of (+)-tubocuranne has already been mentioned (page 1 1 3) 
but the earliest experiments (Randall, I9S), Hobbiger, 1952) indicated that it 
was only a feeble anticholinesterase, about one hundredth as potent as Neo- 
stigmine Smith, Cohen, Pelikan, and Unna (1952), however, obtained results 
which indicated that it was as much as one-quarter 
as active asNeostigmine Wilson (1955) subsequently 
showed thatfor the acetylchoUnesteraseof electric eel 
at 20% K< was 3 x 10 ’ for Edrophonium as opposed 
to 10“’ for Neostigmine The rate of formation (and Edrophonium VIII3S 
of dissociation) of the complex with Edrophonium, 
however, was very much greater than that for Neostigmine If the experi- 
ments were performed in cquilibnum conditions this should not affect the 
results, but if the association and dissociation of the Neostigmine does not 
have time to reach equilibnum, it may appear very much more powerful 
than Edrophonium, in these circumstances it is, in fact, behaving as a non- 
competitive 'irreversible' inhibitor 

Simple Onium Salts 

Alkyltnmethylammonium salts are only feeble inhibitors of cholinesterases 
and polymethylene bU tnmetbylammonium salts ere only slightly more 
active Affinity for the enzymes, however, increases with chain length, and 
Bergmann and Segal (1954), using the acetylcholinesterase of electric eel, ob- 
served a regular increase m —log Ku consistent with the idea that each 
methylene group m the alkylttunethylammonium compounds contributes 
about 300 cals to the stability of the complex With the bis tnmethylam- 
moniura salts the increase was not so regular, being greater m the range of 
8 to 12 methylene groups, the octadccamctfaylene compound, however, was 
found by Paton and Zaunis (1949) to be less active than the dodecamethylene 
The piso for Decamethomum for electric cel chohnestcrase at 23“, with a 
substrate concentration of 4 mM acetylcholine, was 4 6 (Nachmansohn and 
Wilson 1951) For decamctbylcne bis hydroxyethyldimethylammonium 
(VIII 36) and the acctylcholmesterase of dogs’ caudate nucleus at 37® and a 


Me Me 



Me Me 

Vin36 


substrate concentration of 1 mM acetylcholine the plw was 4 9, and for the 
dodecamethyleneconipounditwas6 0(BarIow, 1955) In the same conditions 
much higher activity was observed m polymethylene bis-qmnolmium salts 
(Barlow and Himms 1955), the pljo for the decametfaylene compound 
(VIII 37) was 7 2, comparable with that of Neostigmine Higher members of 
this senes were prepared and tested as antifungal agents by Collier, Potter, and 
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Taylor (1955), but their effects on diolmesterasM do not appear to have been 
studied Decamethylene bis pyndjnium {VIII 38) is much less active (Hazard 
etal, 1952, Lane, 1953) 

R — (CH,)„ — R 


R- 

R- 



VIII 37, 
VIII 38 


More Complex £/s-ODium Salts 

Considerable activity is also found in more complex iu<oaiuin salts, and com- 
pounds of the type (VIII 39) studied by Austin and Berry (1953) and by Fulton 
and Mogey (1954) are particularly interestmg because they have a much higher 
afBnity for acetylcholinesterase than for buiyrylcholincsterase The com 
pounds 297 C SO {284 C5l , VIII 40) and 298 CSQ (VIII 41) had apiso for the 

R — ^ — CHjCHi — X — CHaCHj— ^ — R 
X-CO.CHOH.CH, Vin39, 

X - CO. R - CH,=CHCH,Wic,-, 297 C 50, VllI 40, 

X •" CO, R - ir-PrNMe,— . 29S C 50, VlIJ 41 

acetylcholinesterases of rat brain at 37% with a substrate concentration of 
12 mM acetylcholine, of 7 8, compared with 6 6 for Neostigmine and 6 S for 
esenne The value for the enzymes of horse serum with 8 mM benzoylcholine 
as substrate was less than 3 0 compared with 7 6 for Neostigmine and 8 0 for 
esenne 

Jacob (1955) observed that the compound 3318 CT (VIII 42) was an ex 



3318 CT VIII 42 


tremely active and selective inhibitor of acetylchoUnesterases The value of 
/Ti for the acetylcholinesterase ofdog red cells was 1 2 x I0“% whereas for the 
butyrylcholinesterases of dog plasma it was 3 x IIH 
Long chain polymcthylene bis carbamyl esters of choline, whose neuro- 
muscular blocking activity has already been discussed (page 116), also pos- 
sess considerable ability to mhibit chohnesterascs, which affects their be- 
haviour at the neuromuscular junction Klupp, Kraupp, Stormann, and 
Stumpf (1953) found activity to he maximal in the ester of octamethylene bis- 
carbamic acid, which was comparable with esenne (Table VIII 10) Ana- 
logous esters of m hydroxyphenyltnmethylammonium were even more active 
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TABLE Vm 10 

Inhibition of Acetylcholinesterases by Polymethylene bis Carbamic Esters 
O O 


R-0-C-NR<-<CH*k-NR-C-OR 



1 phe 

! 

1 

+ 

R «= CHiCHjNMCa 


K-O- 


R =.H 

R =H ! 

R'-=Me 

1 


<b) 

(b) 

n =» 1 




2 




4 


1 


6 


85 

84 

8 

65 

90 , 

94 

10 

57 


100 

Esense 

66 



Carbamoylcholme 

25 


_ 

Neostigmine 

— 

SO 1 

“ 


(a) Enzymes of dogs' caudate nucleus, subsuale IS jum acttylcboJice. 
(&) Etudes of doss' red cells, substrate 80 inM acetyicbolme 


EIupp, Kraupp, Slarmatui, and Slump/(_I953), Kraupp, Stump/, Hersfetd, andPillat (19SS) 


(Klupp, Kraupp, Schwarzacher, and Sturopf, 1955, Kraupp, Stumpf, Herz- 
feld, and PtUat, 1955) These compounds also inhibited the butyrylcholm- 
esterases of horse serum, but not to the same etttent 
Funke, Depierre, and Kruefcer (1952) reporied very high activity indeed in 
the somewhat similar compounds 3152 CT (VllI 43) and 3113 CT (VIII 44) , 

R — O — CHj — CH, — CH, — O — R‘ 


VIII 45. 

«*,»— C — O 
O 

, sirs CT, VIU 44 


. JijrCT. VIII 43. 


the former was reported to produce 50 per cent inhibition of the acetyl- 
cholinesterase of dog red cells in concentrations of the order of 10“^® m, but 
Levin and Jandorf (1955) obtained piso wlues of 8 8 for 3152 CT, 8 4 for 
3113 CT, 6 1 for the compound without carbamyl group {2842 CT, VIII 45), 
and 7 15 for Neostigmine, usmg the aMtylchoImesterase of human red cells 
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at 25’ and a substrate concentration of 7 4 mM ace^lchobne Levin and 
Jandorf observed that it was much more difficult to wash these compounds off 
the enzyme preparations than it was to remove Neostigmine Complete re 
moval could, however, be achieved by persistent washing 
Lands, Karezmar, Howard and Arnold (1955) and Lands, Hoppe, Arnold, 
and Kirchner (1958) have described the properties of a senes of onium 
salts, of which the most interesting arc Ambenomum {Mytelase Win 8077, 
Vm 46) and its methoxy analogue Methoxyambenonium (Win 8078, VIII 47) 


Et Et 

El — N— CHiCHi — N — C — C — N— CHiCHi— ^N— 
CH, O O CH, 


R R 

R K Cl, Ambenomum, VIll 46, 

R » MeO Meikoxjambenonium VIU 47 


Ambenomum has considerable aoticbobnesterase activity, Arnold, Sona, and 
Kirchner (1954) estimated it to be about six times as potent as Neosbgmme in 
inhibiting the hydrolysis of acetylchobne by the enzymes of red cells The 
methoxy analogue has much less aoticbobnesterase activity, Karezmar (1957) 
estimated it to be one fortieth as potent as Ambenomum and Koelle (1957) 
obtained piso values of 7 6 for Ambenomum and 5 6 tot Meikoxyambenomum 
tor inhibition of the hydrolysis of 30 msi acetyl p-methylcholme by the 
esterases of cat bram at 37’ Blaber (1960) obtained values of 8 2 and 6 0, 
respectively, for inhibition of the hydrolysis of 14 nut acetylchobne by en» 
zymes obtained from the cat tibiahs muscle Notwithstanding this diff'erence 
in anticholinesterase activities, both compounds had marked effects m facib 
tating transmission at the neuromuscular junction, comparable degrees of 
reversal of neuromuscular block produced by (+) tubocuranne were ob- 
tained with doses of Methoxyambenomum which were only four times those of 
Ambenomum Both compounds sensitized the frog rectus muscle to acetyl 
chohne in concentrabons which would not appear likely to affect the enzyme, 
the concentration of the methoxy compound was only three tunes that 
of Ambenomum Methoxyambenomum was also pecuhar in that it reversed 
neuromuscular block produced hy Decamethomum as well as that produced 
by (-b) tubocuranne Histological work by Koelle (1957) however, has 
shown that at the nemomuscular junction and also m gangha, these com- 
pounds inhibit chobnesterases m concentrations which, in vitro, would not be 
expected to produce any inhibition i e they appear to be selectively taken up 
at the sites where transmission ocenrs Moreover, although the compounds 
potentiate the action of acetylcholine on the frog rectus muscle, they do not 
potentiate the effects of substances, such as n pentyltnmethylammoniura. 
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which arc not susceptible to hydrolysis by cholinesterases Accordingly it may 
be possible to interpret events at the neuromuscular junction without in- 
voking a direct ‘antieurare’ or other action by the drugs, particularly as the 
compounds themselves have neuromuscular blocking properties which re- 
semble those of (+)*tubocuranne, these could account for the reversal of the 
neuromuscular block produced by Dccamcthomum (Blaber, 1960) A similar 
combination of ability to inhibit acetylcholinesterase and to produce, m 
higher concentrations, neuromuscular block, resembhng that of (+ ) tubocur- 
annehasbeenobservedindecamethylcnebij hydroxyethyldimethylammonium 
(Vni 36) and this compound, likewise, appears to antagonize m certain con- 
ditions both (-}')-tubocuranne and Dccamethonium (Telia, 1960) 


Organophospboms Inhibitors of Oiohnesterases 

Dunng the war many highly toxic organophosphorus compounds were de- 
veloped for use as poison gases, sometimes called the 'nerve gases’ These can 
be grouped together (Ford-Moore, 1953) as having the general structure 



where R and R' are alkyl, alkoxy, or substituted ammo groups and X is a 
group, such as halogen or phosphate, which is capable of being lost as a 
negative ion Substances of this type are, accordingly, denvatives of phos* 
phimc, phosphonic, or phosphoric acids, depending on the nature of the 
substituents R and R' 

One of the first compounds to be examined, for instance, was dimethyl- 
phosphoroQuondate (Vin 48), but this was much less toxic than the di/jo- 
propyl ester (DRP, Vnr 49, Kilby and Kilby, 1947) Oneofthemoststnkmg 
effects of exposure to sub-lethal amounts of DFP is the development of con- 
striction of the pupil of the eye, and the effects may persist for weeks Sub- 


R 

R 


K 

McO, viir^s, 
fjoPrO, iJFP,VlII49 


^P-O- 

r/i 




EtO Q Q OEt 

TEPP. vni 50 


stances of this type were shown to inhibit choUnesterases (Adrian, Feldberg, 
and Kilby, 1947), and it seemed very likely that this accounted for the phar- 
macological properties of the compounds Although DFP inhibited both 
acetyl- and butyryl-cholmestemses, it affected the latter more than the former 
(Hawkins and Mendel, 1947, Table VIII 1!) 

Similar results were obtained with phosphate esters, such as tetraethyl- 
pyrophosphate (T£PP, ymSCf) and hexaefhyltetraphosphate, and a com 
panson of the concentrations of the compounds producing a detectable in 
crease m the spontaneous movements of isolated rabbit intestine is shown m 
Table VHI 12 
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TABLE Vlirll 

InhbtUon of Cholinesterases by DFP 


DFP concentration 
IMoIart 

Percentage inhibition of hydrolysis 

Enzymes of dog red cells 

Substrate 

> 

2 msi Acewldsoline 

30 mM Mecholyl 

10 ’ 

4 

3 

5 X 10-» 

25 i 

26 


Enzymes of dog pancreas 


Substrate 

1 60 nut Acctykholine 

6 niM Benzoylcholine 

io-» 

*7 n 

S6 

5 X 10 • 

100 1 

100 


Mecholyl » ?-methyJcholine 

frankbis and Mendel {1947) 


Although the concentrations of these organophosphorvs compounds which 
produce an effect are very similar to those of substances such as eserioe or 
Neostigmine, the effects are much more persistent and are not reversed by 
washing the preparation Their action is often described as 'irreversible*, but 
this 1 $ slightly misleading Augustinsson and Nachmansohn (1949) observed 
that the inhibition of cholinesterases by i)/?and TEPP was not competitive, 
the reaction can be regarded as being roughly a non-competitive one such as 
has been described on pages 14 This only implies, however, that the stability 
of the enzyme'Substraie complex is so great that it is unlikely to be broken 
up in Mvo Albert (I960) quotes about 10 Kcal as the greatest strength of a 

TABLE VIII 12 

Effects of Inhibitors of Cholinesterases on the Rhythm of Spontaneously Contract 
mg JtoBhii Jntesline 



Muumum concentration , _ 

pi<.l»cu.su>creut w>ih.»ict 

TEFP 

35xl0-» - 

Fvnn^ 

3 5 X 10-» -I- 

Neostigmine 

43x10-* + 

HETP 

98 X 10-* 

DFP 

54X10-T 


— Washing the preparation alter administration of the drug did not stop the pharmaco- 
logical response 

■f Washing did stop the response 

Salerno and Coon {J94St) 
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bond which can be broken up at body temperature Compounds have been 
developed, however, which form a mote stable complex with these organo 
phosphorus compounds than does the enzyme, and can thus re activate the 
‘irreversibly blocked enzyme These reactivators are discussed on page 276 
The process of inhibition of enzymes by organophosphorus compounds, such 
as DFP or TEPF, accordingly consists of two stages, adsorption at the active 
centre followed by reaction with it From the arguments set out on page 250, 

TABLE Vni 13 


Inhibition of Choltneslerasei by Otganophosphorus Compounds 



1 pIso 

1 

Acetyl 

cholinesterases 

Butyryl 

cholinesterases 


(a) 

(« 

DFP 

61 

78 

TEPP 

78 

79 

Dimethyl(p-nitrophcnyl)phosphate 

74 

52 

OiethylCp-iutrophenyllphosphile (Paraoxon) 

78 

76 

Di hopropyl(p-iutrophenyl)phosphate 

65 

71 

NN -di hopropylphosphorodianudtc fluonde (Mipafox) 

43 

68 


(f) 

(<0 

Phosphostlgmlne Me,f(-jj|^^-o-pO(OEc), 

71 

1 89 

Jio3-M22 ^J^o-POCOEi), 

95 

89 

1 

jXi 

MePOCFO-OCHjCHjNMcj 

JO-0 

84 

-OCHjCHrCHiNMcs 

no 

84 

-OCHMeCHjNMcj 

84 

84 


(a) Enzymes of rat brain substrate 30 nw acetyl-^methylcholme 

(b) En^mes of cat heart sabslratc 30 nut butyiyl-choline 

(r) Enzymes of human red cells substrate 30 rim acetyl-p-methylcholme 
(tf) Enzymes of human plasma substrate 10 mM benzoylchohne 

Dttvison {1955) Burgen and Hobbiger {1951) Hobbiger {1954) Tammehn {1958) 

the affinity of the compound for the active centre will be approximately indi 
cated by the value of piso, which should be independent of the substrate con 
centration The values of pljo for some of the compounds are shown in Table 
VIII 13, and indicate that the affinities of these compounds for the active 
centre are not very different from those of the ‘revenible inhibitors such as 
eserme or Neostigmine Attempts have been made to improve affinity by in- 
corporating phosphorylating groups into molecules such as Neostigmine, 
which are potent reversible inhibitore of chobnesterases The resultant 
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compounds, e g PJmphostlgmine (VIII 51) and Ro3-0422 (VIII 52) appear to 
be highly active (Burgen and Hobbiger, 1951, Hobbiger, 1954), as are also 
derivatives of choline itself (Tammclin, 1958) 


0 



Phosphostigmtne, VIII 5 1 Ro3 0422, VIH 52 


Some of the compounds (e g Mtpafox VIII 53) have been used as insecti- 
cides but, with these, ability to block butyiylchohnesterases appears to be 
more important than ability to block acetylcholinesterases Possibly the latter 
type of enzyme is less important in insects than m man Factors such as 
stability and ability, or mabiLty, to penetrate the tissues of plants and insects 


wPrNH 

£ioPrNH^P-^0 

EIO 

Me,N-^P— O 

tioPfO 

MeO^P-^0 

T 

Mtpefox, Vin 53 

Tabun, Vni 54 

Satin, Vinj5 


also greatly influence the usefulness of a particular compound These factors 
are also important with ‘nerve gases’, Tebun (VllI 54) and Sonn (VIII 55) 
possessing stability as well as high inhibitory activity (the pljo values being 
7 8 and 8 5, respectively, for the en^mes of human red blood cells, Grob and 
Harvey, 1958) 

Evidence for Attachment at Two Sites 

Much information about the nature of the active centre has been obtained 
by considering the chemical structure of substances which have afflnity for 
the enzymes (either as substrates or inhibitors) and the eflects of pH on the 
activity of the enzymes and of these substances Because of the shape of the 
graph of substrate concentration against rale of reaction for the enzymes of 
red cells, and its difference from the graph for the enzymes of plasma, Zeller 
and Bissegger (1943) suggested that the substrate might be attached at two 
ponr^ ia the sctav ccatcc d tbc /brarer coryme as opposed to oas ca the 
latter The inhibition of the reaction by hi^ concentrations of substrate 
imgbt arise from crowding of the enzyme surface leading to adsorption of the 
substrate at only one site, whereas only adsoiption at both could lead to 
hydrolysis (Fig VIH 7) The most likely groups in acetylcholine which could 
be bound to the enzyme surface are the cationic head and the ester group 
(Adams and Whittaker, 1950, Wilson and Bergmann, 1950, Bergmann, 
Wilson, and Nachmansohn, 1950, Wilson, Bergmann, and Nachmansohn, 
1950) The sites on theenzyme which may bind these have been called 'anionic' 
and ‘esteratic’ respectively (Wilson and Bergmann, 1950) From the relative 
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affljutics of acetylcholine and 3 3 dunethylbutylacetale (page 257) for the 
enzymes of red cells and of plasma, Adams and Whittaker (1950) have con* 
eluded that the anionic site is, in fact, much less important in the hydrolysis 
of esters by the butyrylcholinesterascs of plasma 



a b 


Fio VJii 7 InJxibition of the reaction by high concentrations of substrate if the 
substrate has to be attached at tv- o points, as In a ,for hydrolysis, high concentrations 
of substrate may lead to the situation shown inb ,in y^hlch hydrolysis cannot take 
place even though the active spot is occupied 

Importance of the Anionic Site 

Although the amomc group appears to be important m acetylcholinesterases. 
It seems to be pnocipolly an anchoring site, the esteratic site being that in 
volved in fission The inhibitory actions of onmm salts, for instance, can 
probably be asenbed solely to aOinity for the anionic site, coupled with Van 
der Waals’ binding to the enzyme surface m a non specific manner The 
polymethylene bis quinolmium salts may owe iheir high inhibitory activity m 
addition to the ability of the large quinoline nog to mask the esteratic site 
For substrates, however, the amomc site does not appear to be so important, 
probably because affinity is not the only factor loHuencing the rate of hydroly* 
SIS The compound 3 3 dimethylbutylacetate is, after all, hydrolysed quite 
rapidly by acetylcholinesterases (at about 60 per cent of the rate of acetylcho* 
line itseU) Wilson and Bergmann (1950) obtained similar results in a study of 
the effects of pH on the relative rates of hydrolysis of acetylcholine and 
p dimethylamino-ethylacetate (VIII 56) by the acetylchohnesterases of electnc 

NO-CH,-CHi— NMe* 

vnrse 

eel At pH7, m the region of the optimum for the hydrolysis of acetylcholine, 
the tertiary compound was hydrolysed at 60 per cent of the rate of acetyl- 
choline, but though the cation was undoubtedly more active than the base, 
the base Itself was quite definitely hydrolysed The inbibi tion of the enzyme by 
Neostigmine was unaffected by pH, but the effects of esenne dechned m 
alkahne solutions With these inhibitors the ion was undoubtedly much more 
active than the base, but the considerable activity of esenne at pHlO must be 
entirely asenbed to the latter Wilson and Bergmann estimated that the affinity 
of the cations for the enzyme was about twenty times that of the free base 

Nature of Groups in the Esteratic Site 

The hydrolysis of acetylcholine by the enzymes of electnc eel is markedly in 
fluenced by pH, the rate being mammal m the range pH 7 to 9 and declining 
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at pH values above or below these This suggests that the active centre is 

amphoteric, and that if the equilibrium is written 

EHs E-, 

the species EH, which contains undissociated acidic and free basic groups, is 
the most active This idea is supported by the observation that the inhibitory 
effects of T£PP (which should not be bound at the anionic site) show a some- 
what similar dependence on pH The relative independence of the effects of 
Neostigmine on pH must be taken to indicate that this substance is pnmanly 
bound at the anionic site rather than to the esteratic site 


Eniyrne + Acetykfioluie 


Ch — O — C—0~ ot Ch— O— C— O 

I 

CH, I 


-C— { 
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Hi 

Ch — O'' C=0 or a»“0 C=0 




HiO I 
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cr^o 

I 

CH, 


^OH 

c=o 

I 


FIo viu8 Hydrolysis of acetylcholine according to fVilson, Bergtnann, and 
Nachmansohn (1950) GH represents the basic group on the esteratic site of the 
enzyme and may be the group shonn here Oi = CHtCH,NMej 


From the results, Wilson and Bergmann obtained values for the dissocia- 
tion constants of the reactions shown above, the pK for EH 2 was 7 2 and for 
EH was 9 3 These values were compared with the known dissoaation con 
stants of various acids in an attempt to decide what groups might be present in 
the esteratic site They concluded that the proton accepting group in the en- 
zyme could not be carboxylate, phosphate, guanidine, or most ammo groups, 
but might be a special peptide "NH" group such as occurs m tyrosylargininc 
or phenylarginme, or the weakly basic heterocyclic nitrogen in imidazole 
rings The proton donating group could not be a carboxylic or phosphoric 
aad group, guanidinium or most phenolic groups, but might be the phenolic 
group in tyrosine or a simple ammonium group According to Bergmann, 
Wilson, and Nachmansohn (1950) the hydrolysis of acetylcholine involves 
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interaction between the positively polanzed carbonyl atom of the ester link 
and the basic group m the esteratic site, and possibly a hydrogen-bond bind- 
ing the ether oxygen atom the subsequent reaction is shown in Fig VIH 8 
This involves the transfer of the acetyl group to the enzyme and subsequent 
hydrolysis of the acetylated enzyme The calculation of the dissociation con- 
stants of the groups in the active centre can be criticised because it does not 
take into consideration the effects of pH on the rate constant for the break- 
down of the enzyme-substrate complex (A: on page 21) Similar results, how 
ever, have been obtained with a variety of cholinesterases (and other esterases) 
and the conclusions appear likely to be essentially correct (review by Davies 
and Green, 1958) 

Actions of Organophosphonis Compounds at the Estcratic Site 
If the esteratic site m the active centre contains a basic group with these 
properties, the organophosphorus inhibitors of cholinesterases, which are alf 
phosphorylating agents, might be expected similarly to transfer a phosphate 
group on to the enzyme, yielding a product from which the enzyme is not 
easily regenerated Wilson (1951) obtained results which indicated that this 
was so with the acetylcholinesterases of electric eel and TEPP the break- 
down of the complex and regeneration of the enzyme could, however, be 
accelerated by substances such as choline or hydroxylamme Aldndge (1953), 
from a study of the effects of temperature on the breakdown of the complex 
formed by Paraoxon and the acetylcholinesterases of rabbit red cells, con- 
cluded that the activation energy for this process was about 144 Kcals , 
which IS consistent with the view that the enzyme is covalently linked with the 
organophosphorus compound 

Some of the inhibitors of cholinesterases which are carbamic esters appear 
to be m a position intermediate between substrates, such as acetylcholine, 
which form an unstable acetylated enzyme, and the organophosphorus in- 
hibitors The observations of Wilson (1955) that the rate of dissociation of the 
complex formed by Neostigmine was much less than that of Edrophonium 
(page 263), and the difficulty of reversing the effects of 3113 CTand 3152 CT 
observed by Levin and Jandorf (1955 page 265), could be explained by sup- 
posing that carbamylation of the enzyme is taking place Wilson (1962) has 
reviewed some of the evidence that this process does, in fact, occur He 
estimates that at 25* the half life of the carbamyl derivative of the acetyl- 
cholinesterase of electnc eel is 2 minutes, whereas for the methylcarbamyl 
derivative it is 39 minutes, and for the dimethylcarbamyl denvative 26 
minutes 

Further evidence that the organophosphorus compounds phosphorylate the 
enzyme was obtained by Wilson (1952), who observed that the rate of re- 
activation, by choline or hydroxylamme, of electnc eel acetylcholinesterase 
poisoned by TEPP was the same as that when the enzyme was poisoned by 
diethylphosphorofluoridate In similar expenments with the acetylcholin- 
esterases of rabbit red cells, Aldndge and Davison (1953) observed that the 
spontaneous return of activity at 37* was the same whether inhibition had 
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been caused by dunethyI(;>-nitrophcnyl)phosphate (VIII 57), dimethyl- 
phosphorfluondate (VIII 48), tctramethylpyrosphate (VIII 58), or O 0-di* 
methyl S (p-njtrophenyl)pbosphoroUuoIate (VIII 59) The dimethylphos 
phoryl enzyme had a half life at 37* of 85 to 90 minutes 
Many other esterases are inhibited by orsanophosphorus compounds and 
form stable phosphoryl derivatives, di uopropylphosphoryl a-chymotrypsin, 
for instance, has actually been obtained crystallme (Jansen, Nutttmg, Jang, 
and Balls, 1950) These phosphoryl enzymes are stable enough to be sub* 
jected to degradation and, with the di jsopropylphosphoryl denvative of 
electric eel acetylcholinesterase, Schaffer, May, and Summerson (1954) 
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found that the only amino acid linked to phosphorus was senne Cohen, 
Oosterbaan, and Wamnga (1955), using the cholinesterases of ox red cells 
inhibited by DFP labelled with ®"P, likewise found that after degradation of 
the complex most of the radioactivi^ was present as inorganic phosphate or 
linked to serme This is not what would be expected from the picture of the 
mechamsm of action of the enzyme put forward by Bergmann, Wilson, and 
Nachmansohn (1950) The conditions for the breakdown of the protein were 
not such that the phosphoryl residue might have migrated, and senne itself 
does not react with DFP in aqueous solution (Ashbolt and Rydon, 1957) It 
appears either that the phosphoryl group migrates from the imidazole nng to 
an adjacent senne hydroxyl group or that the senne residue is somehow acti- 
vated and modified, and that it is this modified form, not an imidazole nng, 
which forms the group m the esteratic site 
There is considerable evidence that the first view may be correct Although 
the activity of acetylcholmesierase freshly treated with an organophospborus 
inhibitor may be restored by the addition of a ‘reactivator’, such as choline, 
hydroxylamme, and compounds discussed below, if the inhibited enzyme is 
left for some time the effectiveness of the reactivator is reduced and ‘aged 
samples may not be reactivated at all (Jandorf et at , 1955, Wilson et al , 
1955, Davies and Green, 1956, Hobbigcr, 1956) This can be explained by 
supposing that the phosphoryl group is transferred from the imidazole nng 
m a histidine residue to an adjacent hydroxyl group in a senne residue If the 
esteratic site contams both these groups in close proximity, the phosphoryl 
group attached to imidazole might be regarded as activated and consequently 
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able to phosphorylate the serine hydroxyl group The latter might also assist 
in the binding of acetylcholine because of the possibility of its forming a 
hydrogen bond with the carbonyl oxygen atom of the ester group (Fig 
VIII 9), this might account for the low activation energy of acetylchobn- 
esterases (Davies and Green, 1958} 
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Fio VIII 9 Hypothetical adsorption of acetylcholine at the esteratic site in acetyl- 
cholinesterase the low actuation energy for the reaction might be due to the assist- 
ance of binding at the iminazole nitrogen atom by hydrogen bondformaiion between 
the carbonyl oxygen atom and a hydroxyl group tn a serine residue {Compare with 
Fig VIII 8, in which hydrogen bonding Imotving the ether oxygen atom was con- 
sidered as a possibility ) 

The possibility that the senne residue i$ modified in the esteratic site of 
acetylcholinesterases (and other esterases) has been investigated by Rydon 
(1958) and Porter, Rydon, and Schofield (1958) A serme side-cham could 
cyclize, forming a A^-oxazohne (Fig VlII 10), and synthetic A^-oxazolines 
have been found to react w ith DFP in conditions in which senne itself does 
not react The basicity of the A^-oxazohne, however, is important the 4-carb- 
amoyl-2-phenyl compound (pKo, 2 9, VIII 60) did not react, whereas the 
2-phenyl compound (pKa, 4 4) did, and the 2'raethyl compound (pKo, 5 5) 
was more reactive still Rydon pointed out that in many esterases the senne 
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residue is adjacent to an aspartic acid residue, 
and has proposed a mechanism for the reaction 
which involves initial transfer of the acetyl 
group of the substrate (or phosphoryl group 
of the organophosphonis compound) to the 
tertiary nitrogen atom of the A*-oxazoIme This product can exist m two 
tautomenc forms (Fig VIII 10), in one of these the acyl group can be 
transferred to the adjacent aspartic acid carboxyl group, forming an anhy- 
dride which is subsequently hydrolysed, in the other there is no such pos- 
sibiUty It IS suggested that with the phosphoryl enzymes the tautomenc 
equilibnum contains predominantly the second structure, whereas with the 
acetyl enzyme the equilibnum lies on the other side, favounng the first struc- 
ture and hydrolysis The phenomenon of ‘ageing ’observed with the phos- 
phoryl enzyme is difficult to explain by this mechanism, but the idea that this 
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process is due to migration of the phosphoryl group from an immazole ring 
to the hydroxyl group in senne has been challenged by Cohen, Oosterbaan, 
Jansz, and Berends (1959), who have obtamed evidence that with di-ijo- 
propylphosphorylbutyrylcholinesterases, the failure to be reactivated is 
assoaated with the gradual loss of an isopwpy] group and formation of the 
mono-tro-propylphospboryl enzyme 
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riG viii 10 Hypothetical eyclaauon of -aspartyl senne^ fragment of a poly- 
peptide togoea ^'-axaioUne and reaction of this with an ester If the taulomerie 
form A of the acyl enzyme Is more stable than form B the compound should be an 
Inhibitor (If R' Is phosphoryl. for example) if form B is present to any extent 
hydrolysis should occur, as shoivn, with regeneration of the enzyme (After Rydon, 
1958) 


The problem can by no means be regarded as settled either way, in spite of 
the attractiveness of the first theory involving the tertiary nitrogen atom m the 
imidazole ring of a histidine residue as the initial point of binding Oosterbaan 
and Van Adrichem (1958), using the relatively stable acetyl compound formed 
by the related enzyme, chymotrypsm, have obtamed evidence which suggests 
that the acetyl group is bound to senne 


Reactivators 

Although the complex formed by organophosphorus compounds with 
cholinesterases is extremely stable, some degree of breakdown can be achieved 
by hydroxylic nucleophilic reagents, such as choline or hydroxylamme It 
might be expected (bat greater effects would be obtained if the hydroxylic 
reagent itself had affinity for the active centre and, m fact, better reactivators 
can be obtamed by incorporating a quaternary group m the molecule, which 
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may interact with the anionic sites in acetyfchohnesterases, m addition to the 
highly reactive hydroxyl group Wilson and Mcislich (1953), demonstrated 
the superiority as reactivators of phosphorylated acetylcholinesterase, of 
« H 






O' 


I 

C=N — OH 


Me Me 

vuifii 

hydroxamic denvatives, such asnicotinhydroxamic acid methiodide (VIII 61), 
compared with choline or hydroxylamme themselves The more strongly 
basic isonitrosocompounds, such as mono- and di-isonitrosoacetone (VIII 62 
OH ^ j) ^ 
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and 63), are considerably more active as are also the oximes, pyndine-2‘ 
and 4>aldoxime methiodides (Vnr64 and 65, Childs, Davies, Green, and 
Rutland, 1955) Higher activity still has been found m polymcthylene bis- 
(4«hydroxyimmomethylpyndinmm) compounds 
(VIII 66, Hobbiger, O’Sullivan, and Sadler. 1958, 

Poziomek, Hackley, and Steinberg, 1958, 

Hobbiger and Sadler, 1959), but Berry, Davies, 
and Green (1959) have shown that the second 
oxime group is not essential for high activity The 
most active compounds, trimcthylene bis (4 hydr- 
oxyimmomethylpyndinium) {TMB 4, VIII 67) 
and hexamethylene 6«-(2-hydroxyiminomelhylpyndmmm) (VIII 68), in 
concentrations of 2 X KHm, produced 25 per cent reactivation of diethyl- 
phosphoryl acetylcholinesterase of human red cells in 5 minutes An analogue 
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of the former containing only one oxime group (VIII 69) in the same condi- 
tions produced 25 percent reactivation m 13 minutes, and 2-hydroxyimmo- 
methyl-N-methylpyndmium (pyndine-2 aldoxime methiodide, P2AM) re- 




-(CHih- 


-I^~^ HON=C (CHt)3==N^^~^ 

] VIII 69 

quired 60 minutes In somewhat similar 
HON expenments, Fleisher, Michel, Yates, and 
Harrison (1960) found that for electric eel 
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cholinesterase poisoned with TEPP the reactivation rate constant for TAfB 4 
was about twenty times that of P2AM and for enzyme poisoned with DFP 
about ten tunes 

That compounds of this type possess atBmty for the active centres of acetyl 
chohnesterases is very dear because some of them arc actually themselves 
(reversible) mhibitors of chohnesterases Also, it has been observed (Wilson, 
1955, m addition see preceding paragraph) that with this type of reactivator, 
but not with the less active compounds lacking a quaternary group, it is more 
difficult to reactivate the di isopropylphosphoryl enzyme than the diethyl 
phosphoiyl, this can be taken to indicate that the larger iro'propyl groups 
mask the amomc site to some extent and so impede the attachment of the 
reactivator 

Attachment at the Active Centre 

Much of what is known about the nature of the active centres m acetyl- 
cholinesterase has been obtained by direct investigation of their properties 
It would be expected that the picture which has been drawn shodd be con- 
sistent with what may be inferred indirectly by considering the chemical 
structure of substrates, inhibitors, and reactivators 

The amomc site appears to resemble those at which acetylcholine acts 
physiologically, m the neuromuscular junction, in gangha or m postganghomc 
cholinergic receptors With many molecules (e g Neostigmine), increased 
affinity can be obtained by replacing methyl groups in the cationic head by 
ethyl groups, but in substrate molecules this increased affinity may be 
assoaated mth a decreased rate of hydrolysis (Table VIII 6) In other mole 
cules mcreased size of the cationic head does not lead to increased activity 
esenne and esenne mcthiodidc, for mstaoce, appear to be about eqmactive, 
and with the analogues of mcotine studied by Barlow and Hamilton (1962), it 
was observed that quatermzatioo often decreased antichohnesterase activity, 
although none of the^e compounds was particularly active Possibly the effect 
on affimty of mcreasmg the size of the catiomc head depends upon the posi- 
tion of the head relative to other groups m the molecule 

From the stcreospccificity of the hydrolysis of acetyl p methylcholmc, and 
the Jack of stcreospecificity in the hydrolysis acetyl * methyJcbohne, it seems 
that the p-methyl group m the R isomer interferes with the bindmg of the 
ester group relative to the onium group (Fig VIII 1 1) It is also relatively easy 
to imagine the attachment of molecules, such as Neostigmine and Edro 
phonium, to the active centre, and to account for the effects of the nature of the 
acyl group on the hydrolysis of esters of cholme The attachment of esenne 
Itself, however, seems to be much more compheated, but further information 
IS needed about the anangement of the three fused nngs m space The sado 
Ime nitrogen atom for all its apparent resemblance to the nitrogen in Neo 
stigmine, is less likely to be attached at the amomc site than the more basic 
pyrrolidine nitrogen atom It is difficult to assess how this is placed in relation 
to the carbamic ester group because of the fold m the molecule along the 
junction of the two five membered tings 
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Although many long chain bis omum salts (e g polymethylene ii^quino- 
limum salts, polymethylene bis carbamic esters of cholme, and polymethylene 
bis (4-hydroxyimmoraethylpyridimum) salts) possess high affinity for acetyl- 
cholinesterases as inhibitors or reactivators, it is unlikely that these are com- 
bining with two active centres at once As has been pointed out already (page 
133), active centres or receptors appear to constitute only a small proportion 
of the enzyme or receptor surface Cohen and Warnnga (1953) obtained an 
estimate of this proportion by treating ox red cells with butyrylcholme, for 
which these enzymes have considerable affinity, followed by DFP The 
butyrylcholme was washed off, ^posing the active centre, and the enzyme was 



no viiill Hydrolysis of acetyl ^ meihylcholme The S form Is shown bound to 
the anionic and esteratic sites, with the Rform the methyl group would interfere 
with binding at the aniomc site, when the ester group iw held at the esteratic site, 
end vice versa 


then treated with DFP contaimng A count of the radioactivity then indi- 

cated that there were 520 binding sites per cell If the area of the ox red cell is 
approximately 120 this indicates 1 active centre per 2 x 10’ A* It seems 
likely, therefore, that long polymethylene bis onium salts owe their high 
affimty to Van der Waals’ adsorption along the chain m addition to bmding at 
the aniomc and, possibly, esteratic sites The observations of Berry, Davies, 
and Green (1959) that the second oxime group in T^fB 4 is not really neces- 
sary for high activity supports this view There may, however, in some in- 
stances, be an ‘anchoring site* which is aniomc m character some distance 
away from the active centre proper 

The active centres in butyrylcholmcsterascs and the attachment of mole- 
cufes to them have not been studied to the same extent as have those in acetyf- 
chohnesterases Pharmacologically the butyrylcholmesterases are relatively 
unimportant, although they are of clinical importance m limiting the actions 
of Suxamethonium (review by Hams and Whittaker, 1962) Somewhat simi- 
lar enzymes appear to be important in hydrolysing atropine m some rabbits, 
but not m all (review by Ambachc, 1955) These enzymes are apparently 
closely related to trypsin and chymotrypstn, the aniomc site appears to be 
less important than with acetylcholinesterase, but the esteratic site has much 
m common with that of acetylcholinesterase (review by Davies and Green, 
1958) 
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Relationships Between Ability to Inhibit Acetylcholmcstcrnscs and Phannaco> 
logical Properties 

At the beginning of this chapter evidence was presented that some of the 
properties of csenne can be ascribed to its ability to inhibit acetylcholin- 
esterases It IS necessary to see whether this is true for other physiological pro- 
perties, such as the reversal of neuromuscular block produced by (-f )-tubo- 
curanne and the improvement of conduction at the neuromuscular junctions 
of patients suffenng from m}asthema s'oyis, also whether it is true for other 
inhibitors of acctylchohnesterasc 

Although It is very convenient to classify all the inhibitors of acctylchohn- 
esterases discussed in this chapter as ‘Antichohnesterases’, this label may be 
extremely misleading because it takes no account of any other properties the 
compounds may have Substances such as csenne and Neostigmine exhibit 
a high degree of specificity and affect cholinesterases in concentrations very 
much less than those which produce any direct action on, for instance, the 
neuromuscular junction The work of Blaschko, Bulbnng, and Chou (1949), 
Smith, Cohen, Pelikan, and Unna (1952), Pchkan, Smith, and Unna (1952), 
Nastuk and Alexander (1952), Hobbiger (1952), Wilson (1955), Katz and 
Thesicif (1957) and Nastuk and Alvmg (1958) all supports the view that the 
ability of eserme, Neostigmine, and Edrophonium to reverse neuromuscular 
block produced by (-h^tubocuranue is directly a consequence of their inhibi- 
tion of the destruction of acetylcholine Riker et al (1957, 1959) has argued 
that because these substances give rise to antidromic action potentials in the 
pre synaptic fibres they may act at the nerve terminal The ability of Neostig- 
mine to give rise to antidromic action potentials was observed by Masland 
and Wigton (1940) but it is possible that these arise not from an action by the 
Neostigmine at the nerve terminals but by the action of acetylcholine Even 
if these substances themselves have a pre sjmaptic action on the nerve-endings. 
It seems very doubtful whether, with these compounds, this is relevant to their 
ability to reverse the effects of (+) tubocuranne 

In myasthenia grai is the relationship between the abihty of compounds to 
alleviate the muscular weakness and their ability to block the destruction of 
acetylcholine may depend upon the cause of this muscular weakness The 
condition is consistent with the failure m transmission at certain neuro- 
muscular junctions due to toohttlc acetylcbolme This could be because there 
IS too much acetylcholinesterase, too little acetylcholine released, or to de- 
creased sensitivity of the receptors Removal of the thymus gland is beneficial 
in certain patients, but the idea that this gland is producing a circulating 
neuromuscular agent is difiicult to accept because of the way in which the 
disease is often restricted to individual muscles Myasthenic patients are par- 
ticularly sensitive to {-)-) tubocuranne and resistant to Decamethonium 
(Churchill Davidson and Richardson. 1952), and the possibility that the 
disease is caused by a change in the sensitivity of the receptors in the end- 
plate has been considered by Zaimis (1952) An electrophysiological compari- 
son of muscle obtained from myasthenic patients with normal muscle by 
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Dahlback, Elmqvist, Johns, Radner, andTheslefT (1961) reveals a significantly 
lower incidence of miniature end plate potentials in the former The results 
strongly indicate a defiaency in the release of acetylcholine from the nerve- 
endings The effectiveness of a drug m alleviating the muscle weakness ought, 
therefore, to be related directly to its abihty to preserve acetylcholine from 
destruction at the neuromuscular junction If the acetylcholinesterase at the 
junction IS blocked, such acetylcholine as is released should have more chance 
of causing an end plate potential If the fact that compounds such as Ambeno- 
mum and Afethox} ambenomum are concentrated at the neuromuscular junc- 
tion IS taken into consideration, there does not appear to be any evidence that 
these compounds are not acting at the myasthenic neuromuscular junction 
only because of their effects on acetylcholinesterase 
The organophosphorus compounds, such as DFP, affect many sites besides 


the active centres of acetylcholinesterase This can be seen, for instance, m the 
need m the expenraents of Cohen and Wamnga (1953) to treat the ox red cells 
with unlabelled DFP (the active centre being protected by butyrylcholme) be- 
fore applying labelled i)/!P There seems little 
doubt that most of the immediate effects of 
these compounds are due to block of acetyl- RO^P-^-O 

cholinesterase, but certain effects, particularly RO 

the delayed effects on nerve fibres, are not 
related to this action (review by Holmstedt, > 

1959) Tn-o-cresyl phosphate (Vnf 70), for 

instance, which is a not particularly potent inhibitor of butyrylcholmesterase 
and even less active on acetylchoIiDestemscs (Earl and Thomson, 1952), 
causes, in time, a drastic demyelination of nerve-fibres in the spmal cord, 
leading to permanent paralysis Davies, Holland, and Rumens (1960) tested 
the abihty of many compounds to produce this neurotoxicity and showed 
clearly that it was not related to their effects on cholinesterases 
The effects of reactivators m overcoming the immediate effects of organo- 
phosphorus inhibitors of acetylcholinesterases seem likely to be directly 
related to their ability to remove phosphoryl groups from the enzyme (see, for 
example, Rutland, 1958), but the situation may be complicated by the poor 
penetration of some of the compounds which are quaternary ammonium 
salts into the central nervous system ^obbiger and Sadler, 1959) 


Conclusion 

It can be shown that many compounds produce pharmacological effects in- 
directly by acting on acetylcholinesterases It is perfectly justifiable to attempt 
to interpret their actions at the active centres in the enzymes at a molecular 
level It IS reasonable to suppose that the behaviour of the receptors in the 
enzyme may not be entirely different from that of the receptors m the neuro- 
muscularjunction, in ganglia, etc , and the results with the enzyme accordingly 
justify attempting to discuss events at these other receptore also at a molecular 
level in a similar way 
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dioxans - Imidazolines - Dibenzazepmes ^ P Haloalkylanunes 
Nature and function of adrenergic receptors - Effects produced by blocking the 
destruction of adrenalme and Roradresaline- Drugs which act at sympathetic nerve 
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Physiological Events 

As was pointed out m Chapter IV, the actions of the sympathetic transmitter 
can he divided into excitatory and inhibitory 
At sites such as the receptors lo the nictitating membrane of the cat, the 
transmitter causes a contracture, and it wovld be expected that this is asso- 
ciated with dcpolanzation of the muscle membrane 
At sites where the action of the transmitter is inhibitory, it is not often 
clear whether the transmitter is affecting cells which are different from those 
affected by parasympathetic stimulant drugs and which act mechanically m 
the opposite sense, or whether the transmitter is actmg on the same cells and 
directly modifying the actions of the parasympathetic stimulants The actions 
of adrenaline and acetylcholine on heart muscle, for example, can reasonably 
be accounted for by supposing that both substances are actmg on the same 
cells, but that, whereas acetylchofmc mcreases the permeability to K"'" ions, 
adrenalme affects the permeabihty to Nat and other ions (review by Hutter, 
1957) Acetylcholme accordingly mcreases the resting membrane potential and 
tends to depress activity, whereas adrenahne tends to depolarize the mem- 
brane and to mcrease the excitabihty The state of the muscle at any particular 
time thus depends upon the algebraic sum of the effects on ionic permeability 
produced by the sympathetic and parasympathetic transmitters 
In smooth muscle it is possible that there is a similar state of affairs, but 
212 
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with the actions of acetylcholine and adrenaline reversed, acetylcholine pro- 
ducing depolarization (Chapter VIQ and adrenahne affecting the restmg 
potential of the membrane Some dectncal evidence for this has been ob- 
tained m the expenments with the taenia coU of the guinea pig already de- 
scribed on page 186 With this tissue it seems likely that adrenaline and acetyl 
chohne both act on the same cell The action of adrenahne, however, appears 
to be dependent on its abihty to modify the effects of acetylchohne, the relaxa- 
tion IS not produced actively, but by interference with the normal tone of the 
preparation which is maintamed by parasympathetic stimulation With blood 
vessels the situation is more complicated Although there is no parasym- 
pathetic nerve-supply, there may be cbohocrgic sympathetic connexions, and 
It is by no means clear wbether the various effects of adrenaline can be 
ascnbed to actions on these chohnergic vessels (as has been suggested for the 
taenia co/i) or whether it acts on a separate set of vessels altogether 

The physiological event at adrenergic receptors in smooth muscle accord- 
ingly appears to be associated with, and probably the consequence of, elec- 
trical events at the muscle membrane In this respect the situation resembles 
that at cholinergic receptors Convincing evidence for the quantal release of 
sympathetic transmitter at nerve-endings has not yet been forthcoming, but 
Bumstock and Holman (1960, 1962) have obtained results which could be 
interpreted in this way m expenments with micro-electrodes inserted into 
single fibres of the i as deferens of the guinea pig (which contracts in response 
to sympathetic stimulation) 

The storage of the sympathetic transmitter has been shown at many sites 
to occur 10 ‘chromaffin’ cells, so called because they become coloured on ex- 
posure to oxidizing agents The transmitter is found associated with adeno- 
sine phosphates (the cations and amons being in apparently equivalent 
amounts) m discrete granules which can be separated by centrifugation 
(Blaschko, Hagen and Hagen, 1957), and which are recognizable m electron 
micrographs, being about 100 h in diameter (Hagen and Barmett, 1960) The 
alkaloid reserpine (page 327) interferes with the storage mecbamsm, causing 
release of stored material and subsequent depletion of the stores Other sub- 
stances, such as tyranune (page 306) also affect the storage process There are, 
tfierefbre, a number of steps intermediate between tfie amvaf of an impiu’se 
at the sympathetic nerve-endings and the release of the sympathetic trans- 
mitter Bum (1961) has suggested that these nerves are actually cholinergic 
and that, as in the adrenal medulla (page 81), the first step is the release of 
acetylcholine, this then acts on processes which result m the release of sym 
pathetic transmitter from stores Although this hypothesis convemently ex- 
plains many experimental results, it cannot be regarded as being an estab- 
lished fact 

In addition to its effects on smooth muscle, adrenahne produces biochemical 
changes, giving nse to increased glycolysis These metabohc effects appear to 
be due, at least in part, to stimulation of the enzymic conversion of adenosine 
triphosphate to cychc 3 5 adenosine monophosphate and leading eventually 
to increased conversion of glycogen to glucose 1-phosphate (review by 
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Sutherland and Rail, I960) These processes Mcur predominantly la the liver, 
but can also occur in muscle, and it has even been suggested (Bulbring, 1960) 
that the relaxation of smooth muscle is a consequence of these metabolic 
changes occurring m the muscle membrane and stabilizing it, niabng it less 
excitable 


Identity of the Sympathetic Transmitter 

Although the term ‘adrenergic’ has been used to describe the receptors which 
mteract with the sympathetic transmitter, this latter is not a single substance, 
adrenaline, but a mixture At least two substances are present (page 81), 
adrenaline and noradrenaline, and the proportions and amounts of these vary 
from site to site and also depend upon 
the intensity of nervous activity, being 
different if the nerve is stimulated only 
occasionally from what it is if the 
stimulation is persistent There is the 
possibili^ that even more substances may 
be present in the mixture m certain 
circumstances Unlike acetylcholine, 
which u formed from, and broken down 
to, substances which are virtually m 
active (choline and acetic acid), adren 
alineis formed from, and broken down to, 
complex products, some of which might 
well be effective themselves SlascbLo 
(1939) and Holtz (1939) suggested that 
adrenahne might be formed from tyrosine 
(Fig IX 1), and this scheme now appears 
to be correct (reviews by Schtimann, 
1960, Kirshner, 1960, Vane, 1962) The 
substance 3 4-dihydroxyphenylethyl 
amine (‘dopamine’, DC I), the precursor 
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and Doiadrenaline from tyrosine 
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of noi-adrenalme, is stored in the granules, 
possesses appreciable activity (page 300) 
and accordingly may well be a third con- 
stituent of the transmitter mixture It is 
interesting that, although adrenaline is formed by methylation of nor 
adrenahne, histological evidenw indicates that in the adrenal medulla the two 
substances are stored m granules in two different types of cell In other sites, 
however, where the transmitter is predominantly noradrenaline, there is no 
evidence for the separate storage of the two substances 
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The breakdown of sympathetic transmitter is nothing like as rapid as the 
hydrolysis of acetylcholine but, nevertheless, if the transmitter has access to 
the blood-stream, the effects do not persist beyond seconds or, at the most, 
minutes Axelrod (review 1960), usmg isotopically labelled adrenaline and 
noradrenaline, has shown that after an intravenous injection much of the 
material is rapidly and selectively taken up by specific sites, such as the heart 
and the spleen Roughly half is metabolized in 5 minutes, but after this period 
the substances disappear more slowly, appreciable amounts being present 
several hours later In isolated tissues, or at sites with a poor blood supply, 
the effects are much more persistent Interference with the destruction of the 
transmitter could greatly prolong its action, and there are many compounds 
which could produce sympathomimetic effects by acting m this way In 
principle, the situation is comparable with the actions of substances like 
esenne m preventing the destruction of acetylcholine, but there is a big differ- 
ence in that the breakdown of adrenaline and noradrenaline proceeds m a 
number of ways and there has been much confusion about the precise route 
or routes followed 

HO-r<^^Cl!OHCU,KH Me 

OsK^^CHOHCHjNHMe 

Me Me 

Fio 1x2 Formation of adrenochrome 

The phenolic groups could be oxidized to an o qmnone and hence to adre- 
nochrome (Fig IX 2) , this can readily be observed if a dilute neutral solution 
of adrenaline or noradrenaline is left exposed to air for an hour or so The 
ammo group could be oxidized to the imine and hence, through the aldehyde, 
to 3 4-dihydroxymandclic acid (Fig IX 3) The phenolic groups could be 
— CHR' — ^NHR 

f 

— C=NR+ HiO 



— C=0 + HjNR 

FIO 1x3 Oxidation of amino groups although there is no chemical reason why the 
reaction should not proceed when R is methyl or ethyl, u does not do so and these 
a substituted compounds inhibit the actions of these enzymes {see page 339) When 
R 15 hydrogen the aldehyde formed may Be oxidized to the carboxylic acid, but this 
can be stopped by addition of cyanide tons 

methylated and/or conjugated with substances such as glucuronic acid or 
sulphuric acid Another possibility which has seriously to be considered is 
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tranwise, adrenaline alone cannot be regarded as the sympathetic transmitter, 
although for a long time it was thought to be so, because at other sites (the 
a receptors) its effects are different from those of the transmitter, which con- 
tains a high proportion of noradrenahne At postganglionic sympathetic 
nerve-endings there is neither a single transmitter nor a single type of receptor, 
and in discussing the actions of drugs it is important to indicate what is 
known about the type (or types) of receptor in the test preparation 


Types of Receptors 

The classification of adrenergic receptors into « and p by Ahlquist (1948) was 
based on the sensitivity of different tissues to different drugs (Table IX 1) In a 


TABLE IX \ 

Class[ficatwn of Adrenergic Receptors Activities of Catecholamines 



Tissue 


Compounds arranged ui order of 

potency, R -» 

Slood vesseb* 

Uterus t 

Kictitatmfi membrane 
Ureter 

Intestine 

Constriction 

Stimulation 

Contraction 

Contraction 

Relaxation 

(-VCHsNHMe (adrenaline) > 
<±>CH*NHMe > 

(±)-CH»NHs (noradrenaline) > 
(±)-CHMeNH» > 

(±).CHMeNHMe > 

,(±>CHtNHi5oPr (Isoprenaline) 


Blood ves«ls* 

Dilatation 

(iVCHiNHisoPr (Isoprenaline) > 

(— VCHtNHMe (adrenaline) > 

Ulenist 

Relaxation 

(±)-CHMeNHMe > 

Heart 

Increase m rate and 

(±>CHiNHMe > 


force of beat 

(iVCHMcNH* > 



(±)-CHjNH* (noradrenaline) 


• Different seta of vessels 

t The response of the uterus depends upon its condition, the normal uterus may give a 
biphasic response stimulation followed relaxauon 
Ahrqulst(I948) 


variety of tissues (— •) adrenaline was the most active of the compounds 
tested and (±) Isoprenaline (IX 3) the least active the receptors m these were 



CHOH CHiNTIjoPr 


Isoprenaline DC 3 

thought to be similar and called the « type In other tissues (±) Isoprenaline 
was the most active and (±) wcradrenaline the least active the receptors in 
these were also thought to be similar and termed the p type On most of the 
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tissues of the first group, the effect produced VpTIS excitation (contracture), and 
on most of those in the second group the effect was inhibition (relaxation), 
but the receptors cannot be classified simply according to the nature of the 
effect produced because relaxation of the intestine appears to be produced by 
an action at a-receptors, and increase in the rate and force of the beating of 
the heart by an action at preceptors 

The classification of the receptors in this way into two types is supported 
by the properties of antagonists (review, Furchgott, 1960) Most of these are 
effective only on tissues containing a receptors, but there have recently been 
developed substances which block mostly only Preceptors The receptors 
sensitive to the action of adrenaline in stimulating glycogenolysis and those 
mvolved m relaxation of the intcstme do not appear to fit into the general 
classification, and have been termed y and S receptors respectively by 
Furchgott (1959) Both the phosphorylasc activity of heart muscle and the 
effects of adrenahne, however, arc blocked by the same antagonist (Mayer 
and Moran, 1960), and it is therefore possible that the yreceptors are identical 
mib the fi-recepiors jn Jbe heart £yjdcDce obtaj;jfd by pjjsrbgott {JSSD) 
indicates that the receptors in the gut may be a mixture of both types, a- and 
P, and not necessarily the separate 5 type 

There is, therefore, from the expenments with antagonists, only justification 
for postulating two sets of receptors, «* and p, but the inclusion of the recep- 
tors m the heart in the Ptype is difficult to accept on physiological grounds 
Relaxation appears to involve stabilization of the meiobrane (whether a con* 
sequence of increased phosphorytase activity or not), whereas m heart muscle 
substances like adrenaline tend to depolarize and increase the excitability la 
these circumstances it does not seem justifiable to suppose that the receptors 
have the same structure, even though both are blocked, like the hypothetical 
y-receptors, by the same drug It would seem more logical to classify the p 
type receptors m heart muscle separately from other p receptors, at least 
until such a precaution is shown to be superfluous 

Preparations Containing a*Receptors 
Isolated Preparations 

Isolated preparations of tissues which contract in response to sympathetic 
stimulation have been developed only relatively receoUy The action of adrena- 
line on the i<js deferens was noted by Waddell (1916), but it was not until the 
work of Leach (1956) that the possible use of this preparation for testing 
adrenergic drugs and antagonists came to be appreciated Leach used the \as 
deferens of the guinea-pig mounted in an isolated organ bath A modification 
in which the nerve supply is dissected out and can be stunulated, due to Huko- 
vic, IS described by Boyd, Chang, and Rand (1960) This is suitable for ex- 
periments with intracellular micro electrodes with which electrical events on 
single fibres can be investigated (Bumstock and Holman, 1962) The simple 
preparation without the nerve supply has been used extensively for testing 
agonists and antagomsts by Koopmao (1960, results quoted by Anens, 1960) 
The muscles contract m response to a^tylcholme and histamine as well as to 
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adrenaline and noradrenaline, but the site of action of the test drug can be 
determined by investigating the cHects of antagonists (Leach, 1956, used 
atropine, Mcpyranune and Piperoxan, an antagonist at the « type adrenergic 
receptors) ^oradrenabne was active in concentrations of around ICH'm, 
adrenaline was sbghtly less active, and acetylcholine and histamine less active 
still 

The seminal vesicles of the guinea pjg can similarly be employed, wthout 
the nerve supply, as a simple isolated preparation (Stone and Loew, 1952) 
As with the \as deferens contractures are aUo obtained in response to acctyl- 
chobne and histamine as well as to adrenaline and noradrenaline (all in con> 
cenlratjons of around I0“5 m) 

Lewis and Koessler (1927) descnbed a method of mounting strips of artery 
(obtained from a large ammal, such as a cow) m an organ bath, and Furchgott 
and Bhadrakom (1953) have modified this for use with smaller strips, such as 
those of rabbit aorta This preparation is extremely sensitive to adrenaline and 
noradrenaline, detectable contractures being produced by concentrations as 
low as 10“® M Contractures are also produced by histamine and acetylcholine, 
but much higher concentrations are needed, about 10“’ m histamine and 
10-^ M acetylcholine 

Rosenblucth and Cannon (1932) descnbed the effect of adrenabne in caus- 
ing contracture of the nictitating membrane of the anaesthetued cat, prepared 
as descnbed by Querido (1924) Recently, Thompson (1958) has descnbed 
how this tissue may be mounted as an isolated preparation The membrane 
contains two sets of muscles, medial and infenor, but the responses to stimu- 
lant and antagonistic drugs are qualitatively mdistmguishable, although 
bigger responses are always obtained with the medial muscle Detectable re 
sponses were obtained with adrenabne and acetylcholine m concentrations of 
around 10 ~’ m, with noradrenaline in concentrations around 10** m and with 
higher concentrations of other substances, such as nicotine 

Bblbnng and Hooton (1954) have described an isolated preparation of the 
sphincter pupillae muscles, which contract m response to sympathetic stimula- 
tion, dilatmg the pupil of the eye This preparation has been used to record 
electrical events with intracellular micro electrodes, but has not been used 
much for the study of the elTects of drugs 

The vasoconstrictor actions of substances like noradrenabne and adrenaline 
can be demonstrated m isolated perfused vessels, such as the perfused rabbit 
ear (Pissemski, 1914, Schlossmann 1927, Bum, 1952) and the perfused rat 
hindquarters (Pastier and Smirk, 1943, Burn, 1952) In these the animal is 
anaesthetized, the artenal supply of the vessels is cannulated, and the ear or 
hindquarters separated from the rest of the animal (which is then killed) The 
effects of drugs can then be studied by observing the changes in the rate of 
flow of the perfusion fluid In these isolated preparations there are no con- 
nexions With the central nervous system, and consequently the results may be 
more informative than similar expenmenU on the effects of drugs on the rate 
of flow of perfusion fluids or blood through the vascular beds of intact ani- 
mals Even in the rabbit ear, however, there are many types of vessel which 
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have diflereat sensitivities to a compound such as adrenaline Although adre< 
naline produces vasoconstriction of the vessels of the rabbit’s ear as docs 
noradrenahae in higher doses, the tissues cannot be regarded as containing 
only «-receptots Gowdey (1948), for example, found that when the prepara- 
tion had been treated with Tolazohne (which blocks a-reccptors, see page 329), 
adrenaline produced vasodilatation One practical complication with this 
type of preparation is that if an overdose of a vasoconstrictor drug is given, 
the preparation is useless, because the perfusion stops altogether and the drug 
cannot be washed out of the tissues 

Intact Preparations 

The effects of adrenergic drugs on blood-vessels are extremely complex and 
difBcult to interpret (see, for example, Ginsburg and Cobbold, 1960, Folkow, 
1960), and the overall effects on the blood-pressure are even more complex 
since the actions on the heart as well as on the peripheral resistance are in- 
volved Much of the available information about the activity of compounds 
at a-receptors, however, is based on experiments on the blood-pressure of 
spmal or anaesthetized animals and even m man One complication in these 
IS the possibility of reSex vagal stimulation m response to a nse m pressure. 
With the result that the nse is followed by a fall accompamed by slowing of 
the heart This can be prevented m expenmeots m animals by admimstenng 
atropine or, better, but cutting the vagus nerve The effect on the blood- 
pressure, however, may be the consequence of actions on both and precep- 
tors, some of which act in opposite ways Adrenaline, for instance, by its 
action on the heart and the a-receptors m the artenes and some of the pen- 
pheral blood-vessels should raise the pressure, but by dilating other vessels, 
particularly those m voluntary muscle, it should tend to lower the pressure 
Byadimnistenaga drugwhjch blocks the « receptors (Dale, 1906, used ergot 
alkaloids, see page 320) the fall in pressure produced by the actions on the 
Preceptors is unmasked In these arcumstaoces, the preparation could be 
used for assessing activity at Preceptors, though this is complicated by the 
effects on the heart, which tend to raise the pressure If a substance were ad- 
ministered which blocked only the 6 receptors and the heart, the preparation 
could then be used for assessing activity only at a receptors; Such substances 
are now known (page 315), but have not been used for this purpose to any 
extent 

The in vivo estimation of activity at a-receptors should be possible by com- 
parmg doses of compounds producing comparable degrees of dilatation of 
the pupil, because this is caused by contraction of the sympathetically in- 
nervated sphincter pupiliae Some use has been made of the sympathetically 
denervated cat’s eye, in which the sensitivity of the preparation has been 
greatly increased surgical removal of the supenor cervical ganglion some 
time before the experiment (Cannon and Roscnblueth, 1935, Bum and 
Hutcheon, 1949) Thepreparationis too elaborate, however, and the range of 
doses which can be given is too nanow for extensive quantitative testing 

The estimation of activity at a-receptors in man is only possible if the com- 
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pound has no activity at p-receptors The blood-pressure can easily be re- 
corded, and so can the passage of blood through the blood-vessels of the 
limbs, because this produces changes in volume which can be measured by a 
plethysmograph Changes in either blood-pressure or hmb-volume, however, 
can be brought about by actions at cither type of receptor and it is not feasible 
m man to attempt to block p-reccptors alone 

Preparations Containing p-Peceptors: 

Isolated Preparations • 

Of the isolated preparations suitable for testing activity at P-receptors, the 
isolated uterus has been longest in use Kchrer (190^ described an isolated 
preparation of cat uterus, and many of the compounds studied by Barger and 
Dale (1910) were tested for their ability to relax this preparation De Jalon, 
Bayo, and De Jalon (1945) used the isolated non-pregnant uterus of the rat, 
made to contract regularly by a dose of acetylcholine given at fixed intervals 
The efifects of doses of adrenaline in reducing the size of these contractions 
may be compared with those of a test solution and an accurate assay per- 
formed Gaddum and Lembeck (1949) made use of this preparation to deter- 
mine the amount of adrenaline m mixtures of adrenaline with noradrenaline 
because the latter has very little activity on this preparation 

The action of drugs in relaxing bronchial muscle may conveniently be tested 
on the isolated guinea-pig tracheal chain described by Castillo and De Beer 
(1949) Although the actual bronchial muscles are very short, a number 
(usually a dozen) of rmg-like sections of tmchea can be joined together with 
thread to make a chain This is then mounted in an organ bath, and contrac- 
tions can be produced with drugs such as acetylcholine and histamine, and 
the abihty to cause relaxation measured in the same way as with the rat 
uterus 

If desired, effects can be observed on the whole bronchial tree, including the 
lungs In the preparation described by SoHmann and Von Oettingen (192S) 
perfusion fluid was passed down the trachea, but in subsequent modifications 
(for example, by Pastier and Reid, 1952, and Arunlakshana and Schild, 1959) 
these passages are perfused with air and the lungs tissue kept alive by the per- 
fusion of physiological saUne through the pulmonary artery 

Intact Preparations 

The in vivo assessment of activity at p-rcceptors by studying effects on blood- 
pressure m the presence of a substance which blocks actions at K-receptors has 
already been mentioned Effects on the passage of air through the lungs m 
anaesthetized animals can also be observed, and Domhorst and Herxheimer 
(1958) have been able to make observations of these effects in conscious man 
It IS possible to measure the pressure m the oesophagus (Domhorst and 
Leathart, 1952), and this together with a record of the chest movements can 
be used to compute the force needed to expand the lungs Results obtained by 
this technique should largely indicate activity on the p-receptors of bronchial 



292 Introduction to Chemical Pharmacology 

muscle, provided there are no major changes in general blood pressure, effects 

on the central nervous system, or other obvious complications 

Intestine 

The m vitro activity of compounds on the receptors (supposed to be of both 
types) in the intestine may be assessed by using the isolated preparations al- 
ready described (page 144) As with the rat uterus, it is necessary to produce 
regular contractions by the addiUon of a standard dose of acetylcholine (or 
some other agomst), the effects of the compounds m reducing these arc used 
to compare their activity In the modification of this preparation desenbed by 
Finkleman (1930), however, rabbit intestine is used, this has high spontaneous 
activity and regular contractions may be obtamed without the addition of any 
agonist Either stimulation of the sympathetic nerves (which are easily acces- 
sible and can be placed across electrodes in the organ bath), or the addition of 
adrenahne, causes the spontaneous contractions to stop and the whole muscle 
to relax This preparation is particularly useful for testing antagonists and for 
distinguishing between those which antagonize the actions of adrenaline and 
those which prevent the release of syropalhctic transmitter from the nerve- 
endmgs (page 340) 

Vane (1957, 1960) has described an isolated preparation of tbemusclesof the 
fundus of the rat’s stomach, which contracts in response to some substances 
(acetylcholine, histamine, and 5 hydroxytiyptamme) and relaxes in response 
to adrenaline, neradrenaline, and Isoprenahoe It is possible that, unlike the 
intestme, this part of the digestive tract contains only the ^ type of adrenergic 
receptor 

Heart 

Some preparations of heart muscle have already been desenbed (page 191), 
from which information about electrical events may be obtained with intra- 
cellular microelectrodes These have not, m fact, been much used for the 
quantitative companson of the activity of adrenergic drugs The spontane 
ously beating sunclcs of the guinea pig or rabbit have been used to some 
extent, as have perfused whole hearts, such as the preparations of Straub and 
Langendorff With the latter, information may also be obtained about 
the effects on the coronary vessels, as well as on the rate and force 
of the heart beat The effects may easdy be observed in man by following 
the pulse-rate, but the quantitative companson of the relative activities of 
adrenergic drugs m this way would be complicated and hazardous 

Methods for Assessuig Activity 

Agonist activity can only be expressed in terms of that of a standard drug, 
usually (— ) adrenaline, because this affects both a- and p receptors Some- 
times, however, it is necessary to use isoprenahne as a standard for activity 
on p receptors The activity of antagonists could be expressed in terms of the 
cquihbnum association constant and this procedure has been followed by 
Koopman (1960) and Anens (1960) Most of the more active antagomsts, 
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however, do not act by competition and activity should be expressed in terms 
of pAh or pDa' (page 16) 

Methods for the Quantitative Estimation of Adrenaline and Noradrenaline 
The identification of the constituents m the sympathetic transmitter has only 
been possible because of the development of quantitative methods for the 
separate estimation of the constituents These methods may be based on 
either biological or chemical tests but, with cither type, the results should be 
more reliable if the amines are first separated by chromatography (James, 
194S, Crawford and Outschoom, 1951) This procedure, however, is not 
essential, and biological methods for the assay of adrenaline m mixtures con- 
taining noradrenaline have been developed (e g Gaddum and Lcmback, 1949) 
which do not involve the separation of the two The method makes use of the 
much greater activity of adrenaline at the p receptors m the rat uterus, and the 
approximately equrd activity of the compounds at the receptors in the rat 
colon Assay of the mixture on the rat uterus accordingly indicates the amount 
of adrenaline present and the amount of noradrenaline is estimated by sub- 
tracting this quantity from the result of the assay on the rat colon The value 
of the results obtained must be assessed by statistical analysis and the experi- 
ments take several hours, but only very small amounts of matenal are needed 
Chemical methods are based upon the production of coloured or fluores- 
cent products (Von Euler and Hamberg 1949, West, 1949, Bowman, Caul- 
field, and Udenfnend, 1955, Von Euler and Floding 1955) Although these 
are less (ime-coosuming than the biological methods, they are not so sensitive 
and, unless the individual amines are separated by chromatography, it may be 
questioned how far the tests are speafic Estimates based on absorption or 
emission figures at two different wavelengths or pH values could conceivably 
be greatly affected by the presence of impunties 

Uses of Adrenergic Drugs aud their Antagonists 

There is a limited use for adrenergic drugs to start the heart which has stopped, 
forinstance,dunng an operation In conditions of shock when the circulation 
IS poor, the intravenous infusion of noradrenaline brings about an improve- 
ment by causing vasoconstriction and partly by its direct effects on the heart 
For this purpose substances which act principally at a receptors are more 
suitable than those which also affect p receptors (and would also cause some 
vasodilatation) The vasoconstrictor properties of adrenaline and noradren 
aline are also widely made use of to prolong the actions of local anaesthetics by 
reducing their rate of removal by the blood stream from the site of injection 
The most important use of adrenergic drugs is for relaxing bronchial muscle 
in asthmatic attacks Whatever the cause (release of histamine and/or of other 
substances) an asthmatic attack results m acute bronchoconstnction and this 
can be overcome by the action of adrMiergic compounds which affect the 
p-receptors Unfortunately, with substances such as adrenaline and Isopren 
aline, the bronchodilatation is accompanied by effects on the heart which may 
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be unpleasant With the latter in particular, the increased heart rate is associ- 
ated with intense vasodilatation, and thou^ there is an overall fall m blood- 
pressure, there is a large difference betireen the pressure in systole and in 
diastole mth each heart beat 

Adrenergic blocking agents might be eiqiected to be valuable in the treat- 
ment of conditions of raised sympathetic tone, but have not been particularly 
useful, largely because the compounds available have unpleasant side effects 
Greater use has been made of ganglion blocking agents (Chapter VI), and 
there have recently been discovered a number of compounds which selectively 
block the release of sympathetic transmitter from nerve endings These are 
sympatholytic drugs, not adrenergic blocking agents, they do not block the 
actions of adrenaline or Roradrenaline, but have been widely used m attempts 
to block the release of sympathetic transmitter in patients with high blood 
pressure due to a raised sympathetic tone 


AGONISTS 

Activity anS Stercospecifidty of A&renaiine and T^ora&renaliinc 
The effects of extracts of the adrenal gland in raisicg the blood pressure were 
observed by Oliver and Schaefer (1895) Abel and Crawford (1897) succeeded 
in isolating a benzoyl derivative of the active principle of this extract, but it 
was Takamine (1901) who first isolated adrenaline itself The compound was 
synthesized by Stolz (1904) and the resolution of the optical isomers was 
achieved by Fiacher (1909) The (— >isomer is much more active than the 
(+ )• (Table IX 2) and has been shown to have the R configuration (Fig 
TXS.Pratest, La Manna Camptgho, and Ghistandi 1958) 




■ 

MO IX 5 Absolute configuration of noradretfoline and adrenaline 

X « HO— R « H R noiadrenatlnei-'), 

K ^ Me, K adrenaline (-) 

Hcy 


AToradrenahne was prepared by Stolz and FlScber (1904) and has been re- 
solved by Tullar (1948) As with adrenaline, the (— )-isomer is more active 
than the (-}-)- and has the R configuration (Fig IX 5, Pratesi, La Manna, 
Campiglio, and Chislandi, 195^ 

From the figures in Table DC 2 it would seem that the receptors lo the rat 
uterus arc less stereospecific than elsewhere, as well as being less sensitive to 
noradrenaline The two properties, however, are not connected because the 
receptors m the guinea pig lungs also appear to be much more sensitive to 
adrenaline than to noradrenaline and yet are highly stereospecific The figures 
also show that although, in general, BoradreaaUne is more active than adren 
ahne at « receptors and less active at p-rcceptors, on the heart and intestine the 
difference is not great 
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TABLE IX 2 

Properties of Isomers of Adrertalme and novAdrenaUne 


Cquipotent molar ratios 


Tissue 

Receptor 
type (?) 

Of(+V 
adrenaline 
relative to (— ) 

Of(+> 
nur-adrcnaline 
relative to (— ) 

o((~y 

nor-adrenalme 
relative to (— )- 
adrenaline 

Blood pressure nse 

Dog 


15 (A and M) 

27 (L) 

0-6 (L) 

Cat 


12-15 (Q 
20(T) I8(SS) 


0 7-0 8(B), 

Rabbit 


3(MO(F) 



04(W),07(S) 

Perfused rabbit ear 

a 

— 

12-18 (L) 

15-25(L), 

Rat uterus 


_ 

4(L) 

1-3 (G) 

30 (L), 

Perfused guinea pig lungs 


45 (LE) 

70 aE) 60 (L) 

75-300(0) 

58 (LE) 17 (L) 

Dog heart (m situ) 


— 

27 (L) 

0 6(L) 

Gumea pig intestine 



27 (L) 

15(L) 

Rabbit mtestioe 


— 

_ 

I (W) 3 (G) 

Guinea pig colon 


— 


2(G) 

Rat colon 


— 

— 

02-1 (0) 

Rat fundus stnp 



250 (V) 

37(V) 


A and M ^ Abderhalden and MitlUr (IPOS) C ^ Cusitny (IPOS, J90P) T-Tatnter 
(1930) F « Fromfierz (I92J) L “ Luduena Ananenko Slrgmund and Miller (1949) 
B — Barger and Dale (1910) S — Schultz (1909) C — Caddum Peart and Vogt (1949) 
LE =c Luduena Von Euler, Tullar and Lands (1957) IV = JVest (1947) V Vane (I960) 
SS = Swanson Scott Lee, and Chen (1943) 


Effects of Altenng tfae Sabstituents on tbe Nitrogen Atom 
The effects of the replacement of the methyl group in adrenaline by larger 
alkyl groups are shown in Table IX 3 Although the higher homologues of 
3 4-dihydroxyphenylethylamine were studied by Barger and Dale (1910) and 
the n propyl compound (IX 4) was found to have very low pressor activity, 



CHjCHiNHnPr 


1X4 


the higher homologues of adrenaline were not studied until the work of 
Konzett (1941) The wo propyl compound, Isoprenahne, was found to be par- 
ticularly active m dilating the bronchi and reducing the blood pressure, but 
increased the rate of beating of the heart Very many compounds of this type 
were prepared and tested but, with the possible exception of the c>’e/opentyl 
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TABLE 1X3 


Properties of N-Substituled DeTi\athes ofi^)-noTAdrenahne 



* Tbese eompoundi were tested as the (— ) isomers and the results have been calculated 
assumiflg that only half the nuterul is bioIogicaUy acuve. 


tands a/td Tauiter (I9JJ) 

analogue, fVm 5591 (IX 5), these all appear to be less active than isoprenahne 
Itself (Tabic IX 3 , review by Lands and Taintcr, 1953) Results on some other 
tissues are shown m Table IX 4 These indicate that activity at some receptors. 





those of the a-type, is maximal in adrenalme and noradreaalme and that the 
replacement by methyl groups of both hydrogen atoms on the nitrogen of 
noradrenaline reduces activity at both types of receptor 
The results of Koopmafl (1960) and Anens (I960) show that, with these 
compounds, increase m the size of the alkyl group leads to increased affinity 
for the «-type receptors of the rat ^as deferens, but also to decreased efficacy 
(TableIXS) Some ofthe compounds, eg the N-2-pheny!/er/butyI derivative 
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TABLE 1X.4 

Properties of N-Substitiited Deri^aliyes of {-ify-TiOTAdrenahne 



CHOHCH:NRR' 


Equipoteot molar ratios relative to (— )-adrenalme 



Rat uterus 

Rat colon 

Rabbit ear 

Cat nictitating 
membrane 

NRR' = 

NHs (-) 

75-300 

1 

02-1 

1-3 

1 

NHMe (-) 

1 

1 

1 

I 

NHEt (±) . 

05-1 

1 

12 

45 

NHiwPr(±). 

0 5-1 

1 

10.000 

Inhibits 

NMej (±) 

8S0 

60 

40 

25 


Gaddum, Petut, and Vogt il949) 


TABLE IX.5 

Properties of N-Suhsntuted Derivathes of {ifynorAdrenaUne 
HO C-CHjNHR 



On isolated rat yas deferens 

On calf 
tracheal 
muscle 


Equipoteot 
molar ratio 
relative to 
(±)-adrenaline 

‘Intrinsic 

activity’ 

(pa8«7) 

pAg for 
antagonism 

Equipotent 
molar ratio 
relative to 
(±)-adrenaluie 

R = 

H* 




8 

Me* . 

1 

I 



1 

Et . . . 

2*4t 

09 



«-Pr 

100 

03 





fjoPr 

6 

04 



oos 

-CMcs 

— 

— 

_ 

006 

“CMezCMcs . 

— 

_ 

36 

— 

-CHMeCHtPh 

— 

— 

50 



-CMesCHsPh 

— 

— 

55 

002 

-CHMeCHaCHiPh. 


— 

52 

0 025 

-CMe2(CH2)3ph . 

— 

— 

5 1 

— 


• These compounds were tested as (— ) isomers, and the results have been calculated 
assuming that only half the material is biologically active, 
t Angns gives the pD2 as 5 0, but Koopman gives 4 7. 


Ariens (J9€G): Koopman {,1960). 
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(IX 6), had considerable antagoiustactovity, but were, nevertheless, powerful 
agonists on the receptors of the P-type m the calf tracheal muscle 
II Mo 



I 

CHOH — CRi — N — ( 


I 

C- 

I 


Me 


•CHiPh 


IX.6 


Stereospecifidty ofZsoprenaline 

Isoprenaline had been resolved and the isomers obtained in a very high degree 
of purity by Lands, Luducna, and TuIIar (1954) As with adrenaline and 
noradrenaline, it is the (•—)-isomer which is active, the equipotent molar ratio 
of the (+)-isomer relative to the (— )-isomer was found to be 600-1,600 on the 
cat blood pressure, 300-600 on dog blood pressure, 200-800 on the intact cat 
uterus, and 800-1,600 on isolated rat uterus On perfused guinea pig lungs, 
the ratio was 800 (Luducna, Yon Euler, TuUar, and 1-ands, 1957) Domhorst 
and Hentheimer (1958) found the ratio to be 50 in experiments m man These 
results suggest an even higher degree of stcreospccihnty than is observed with 
adrenaline and neradrenahne (Table IX 2), which is consistent mth the idea 
that the iropropyl group contnbutes greatly to the fit of the molecule at the 
preceptors If the equipotent molar ratio indicates only the difference in 
affimty (i e assuming the efhcacy of the isomers to be the same, which may 
very well be untrue), a ratio of 100 imphes that there is a difference of 2 8 
Kcals in the free energy ofadsorptjooofthe two forms This would be con 
sistent with the formation of a hydrogen bond by the alcohohe hydroxyl 
group with the receptor The apparently greater stereospecificity of Isopren* 
ahne compared with adrenaline or noradrenaline suggests that the uopropyl 
group mi^t, in the (-f-) isomer, interfere stcncally with the attachment of the 
molecule If these (+)-isomers only are considered, activity at Preceptors may 
actually decline, as the size of the substituent is increased beyond the pomt 
where it is bulky enough to interfere in this way, on the perfused guinea pig 
lungs (+)-adrenalme was four times as active as (+) Isoprenahne 

Effects of SabsUtotion on the Carbon Atom Adjacent to the Nitrogen Atom 
The introduction of substituents «- to the nitrogen atom produces an addi 
tional asymmelnc centre, but the catecholamines of this type which have been 
studied so far appear usually to have been tested as racemates The « sub- 
stituent also reduces the susceptibility of the molecule to attack by amine 
oxidases (review, Blaschko, 1952), the raaction must proceed through the 
subsUtuted ami, — CR=NH, and occurs much less readily Compounds of 
this type may inhibit the oxidation of other amines by these enzymes This m 
hibitory property could account for some of the pharmacological effects of 
the compounds if adrenaline and noradrenaline really arc inactivated by 
amme oxidases to any extent Sucbamechanismhas been invoked by Gaddum 
and Kwiatkowski (1938) to explain the action of the « methyl denvaUve, 
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ephednne (page 308), but may only be true with certain drugs acting on cer- 
tain tissues For reasons discussed below, it seems unlikely to account to any 
extent for the properties of the substituted catecholamines 
The compounds a-methybioradrenaline {f^orbasil, IX 7) and «-methyl- 
adrenaline (dihydroxyephedrme, IX 8) produce effects on blood-pressure 
which qualitatively resemble those of adrenaline, Cameron andTainter(193^ 

R' 

HO — CHOH CH NHR 

WO 

R = H, R' = Me, 1X.7, 

R = Me R' *=« Me, Dihydroxyephedrme, IX 8, 

R = H, R = Et, « Ethylfloradienaline, IX 9 

obtained cquipotent molar ratios relative to (— ) adrenaline of 12 for the 
former and 41 for the latter in experiments with cats Gaddum, Peart, and 
Vogt (1949) obtained ratios for a-methylnoradrenalme of 10 on the rat uterus, 
5 on rat colon, 1,000 to 5,000 on the rabbit ear, and 200 on the cat nictitating 
membrane Sebaumann (1936) found that a (•}•) isomer of the compound 
had only l/160lh of the activity of the corresponding (— )-isomer on the 
blood-pressure (animal not stated) Luduena, Von Euler, Tullar, and Lands 
(1957) found the (-{•) isomer inactive in perfused guinea-pjg lungs, and Vane 
(I960) has found it only feebly active on the rat fundus strip 
The substitution of an a-methyl group, accordingly, reduces activity at the 
ft-ieceptors The compound a-ethylnoradrenalme (IX 9) was found by 
Cameron and Tamter (1936) to produce a fall m blood-pressure, and «-ethyl 
denvatives of Isoprenaline, N-cyc/opcotyl, and N-cj cfchexyl noradrenaline 
have been found to have very high depressor and bronchodilator activity 
(Table IX ^ It is remarkable how activity vanes with the size of the a-sub- 
stituent, being greatest in the unsubstituted and a-ethyl compounds, the 
a methyl, and « n propyl or a-wo-propyl denvatives appear to be very much 
less active 

Because a-substituents reduce activity at a-rcceptors it would seem most un- 
fikeiV that the piarmacofogicaf properties of tAe compounefe depend to any 
extent on their ability to block amine oxidases This contention is further sup- 
ported by the way in which activity on the bronchi runs m parallel with activity 
in lowenng the blood pressure If the dilatation of the bronchi were to any 
extent due to potentiation of the transmitters, the compounds should be 
pressor rather than depressor. The high stereospeaficity of a-methyl/wr- 
adrenabne, too, is scarcely in accord with an action dependent upon inhibi- 
tion of amine oxidases, these enzymes not being particularly stereospecific 
(page 338) 

Effects of Remoral of the Alcoholic Hydroxyl Group 

Analogues of adrenaline and noradrenahne lacking the alcohohe hydroxyl 

group were studied by Barger and Dale (1910) and found to be much less 
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TABtE 1X7 


Pressor Aclnity of Catechol Ethylamines 



CHjCHiNHR 



Equipotent molar ratios relative to (— )-adrena1me 

Cats 

Dogs 

(o) 

(b) 

H (Dopamine, IX 1) 

70 

65 

50 

Me (Epinme, IX 10) 

14 

12 

11 

Et 

46 

— 

— 

nPr 

2S0 

— 

— 

uoPr(IXll) 

— 

— 

Depressor 

(— )*nofAdrcnaline 

070 

— 

0 65 


Results for cats m column (a) were obtained by Barger and Dale (1910), the compounds 
were compared with (±)*adrenalme and the figures bavx been calculated on the assumption 
that only half this material is biologically active. Results in column (i) were obtained by 
Tamter (1930) and Cameron and Tainter (1936) The result for Dopamine m dogs was 
obtained by AlUs (I93J) and the other results by Lands et al (194S) 


Tamter (1936) obtained an equipotent molar ratio for Epinme relative to 
(— ) adrenaline of 50 in the guinea pig perfused lungs, and Lands et al (1947, 
1948) have commented on the very feeble activity of the wopropyl compound 
(IX 11) compared with Isoprenahne They state that ‘m the absence of an 


HO — ^ y — CHjCHjNHR 

R = Me Epinme, IX 10 
R = uoPr, IX 11 


hydroxyl on the p carbon atom of the side chain the N*Mopropyl group does 
not appear to increase bronchodilatmg action’, but a stnet quantitative 
companson of the compounds in this senes has not been made Vane (1960) 
has found that Dopamine and Epmine have only feeble activity on the re- 
ceptors of the rat fundus stnp, the equipotent molar ratios relative to (— ) ad- 
renaline being 250 and 33 respectively 

O H 


HO — C — CHjNHR 

\Ki 


O — ^*3 ^ CHjNHR 

NH. 


1X12 IX n 

Analogous p keto compounds (IX 12, Barger and Dale, 1910, Lands et al , 
(1948) and p ammo compounds 0X 13, Lehmann and Randall, 1948) appear 
to have much the same activity as the catecholethylammes 
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Meta-hydroxy Compounds 

The m hydroxy compound {Neosynephrme, Metasympatol, DC 14) analogous 
to adrenaline was found by Kuschmsky and Oberdissc (1931) and Tainter 
(1932) to be quite active, the estimates of the equipotent molar ratio relative 
to (— ) adrenaline on the cat blood-pressure were 15 and 5 6 respectively 
Della Bella and Galli (1955) compared the activities of this compound, and 
of the analogue of noradrenaline, with those of adrenalme and noradrenaline 



R *= Me, Neoiynephrine, Metasympatol, 

DC 14. 

R = H, DC15. 

R » Isaft. DC 16 

themselves on the blood-pressure of the anaesthetized dog They found that 
the dose-response curves all appeared to be parallel and obtained equipotent 
molar ratios relative to (±)-adrenahDC of 0 6 for (±) noradrenalme, 6 for 
(d=)*2 (w hydroxyphenyl)-2-hydroxyethylamine (DC 1^, and 11 for (±)-2* 
{m - hydroxyphenyl) • 2 • hydroxyethylmethylamine {Neosynephrme) Lands 
(1952) obtained an equipotent molar ratio of 8 for the m hydroxy analogue of 
noradrenahne relative to (— )-adreoalioe on the dog blood-pressure, and in 
similar tests with the optical isomers ot Neosynephrme Lands, Nash, Granger, 
and Dertinger (1947) obtained ratios of 7 for the (— )-isoffler, 12 for the race- 
mate and 77 for the (-l-)-isomer 

The analogue of Isoprenalme (p-desoxy-Isoprenalme, DC 16) is reported by 
Lands and Taintcc (1953) to lower the blood-pressure m anaesthetized dogs, 
the equipotent molar ratio relative to ( being 200-300, and in 
the perfused guinea-pig lung test the ratio was 80 
With these m-hydroxy compounds the introduction of a methyl group 
a- to the amino group appears to reduce activity, as it does also but to a 
greater extent m the senes of catecholamines Tainter (1932) obtained an 
equipotentmolar ratio of 1 1 5 for the pressor activity in cats of (±)-3-(m-hydr- 
oxyphenyl)-3-hydroxy-2 aminopropanc (DC* 17) relative to (— ) adrenaline. 


Me 

I 

CHOR CH NHR 


HO 

R = H, 1X.17, 

R Me. 1X.I8 

which indicates that the compound is less active than Neosynephrme and also, 
almost certainly, than the analogous nor-compound (1X15, see above) 
Tainter, Pedden, and James (1934) obtained equipotent molar ratios of 20 for 
(_).Neosynephrincand22for(— ^3 (m-hydroxypheny!)-3-hydroxy-2-metbyl- 
aminopropanc (DC 18) relaUve to (— ) adrenahne in the guinca-pig lung lest 
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With these m«hydroxy compounds, too, as with the catecholamines, re- 
moval of the alcoholic hydroxyl group reduces activity Barger and Dale 
(1910) observed that m-tyramine (IX • 19) had about the same pressor activity 
in cats as tyramine itself (IX 20), this being about one-hundredth of that of 


HO — — 


CHjCHiNHj 


Tyramine, IX^ 


adrenaline, and Lands and Tamter (1953) found that the equipotent molar 
ratio for the compound analogous to Isoprenalioe (m-hydroxyphenylethylwo- 
propylamine; IX 21) relative to (i:)-Isopfenaljne jn lowering the dog blood- 
pressure was about 800 



GHjCRiNKR 


R <»> H, m-tyrammc, IX 19, 
R-/ioPr.IX2l 


In this senes of compounds lacking the 4-hydroxyl group, therefore, the 
relationships between structure and activity seem to be very similar to those 
for the catecholamines, but at all types of receptor, though the actions of the 
compounds are apparently the same as those of the catecholamines, the 
activity IS considerably lower. 


Fara-hjdroxy Compounds 

The p-hydroxy compound analogous to adrenalme {Synephrlne, Parasympatol, 
IX 22) IS only feebly active , Kuschinsky (1930) obtained an equipotent molar 
ratio relative to(— ) adrenaline for pressor activity meats ofW to 100 for the 
(±) form, and Tamter and Seidenfcid (1930) obtained a ratio of 58 for the 
(— )-isomer Lands and Grant (1952) found the raijo to be as high as 310 for 




CHOH> — CHjNRR 


R « Me, Synephrme, Parasympatol, 1X.22, 
R«H.1X23, 

R « wPr, IX.24 


the racemate m dogs Both Kuschinsky (1930) and Tamter and Seidenfeld 
(1930) observed that the (— ) isomer was about twice as active as the racemate 
and the (-f) isomer only feebly active Pratcsi, La Manna, Campiglio, and 
Ghislandi (1958) have shown that the (— )-isomer has the R coi^guration, 
like (— ) adrenaline The p-hydroxy analogue of noradrenaline (IX 23) 
appeared to be slightly more active, lands and Grant (1952) obtained an 
equipotent molar ratio relative to (— ) adrenaline of 85 
An increase m the size of the N-alkyl group appeared to reduce pressor 
activity and to increase depressor and broochodilator properties Tamter and 
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Seidenfeld (1930) observed that SynephrmeA\A not cause significant broncho- 
difatation, but Lands and Tainlcr (1953) found that for the uopropyl analogue 
(1X24) the equipotent potent molar ratio for the racemate relative to (±) Iso 
prenahne was 200 for depressor activity in dogs and 400 m the perfused gumea- 
pig lung test The compounds, accordingly, have some activity, but arc only 
feeble, being weaker even than the analogous m-compounds Anens (1960) 
has shown that in a senes of N-subshtuted denvatives of Synephrme an in- 
crease in the size of the substituent decreased the activity on the isolated vas 
deferens of the rat, but still higher homologucs were quite potent antagomsts 
(Table IX 8) Two of these, Jsoxsuprme (Dmaddan, DC 25) and Nylidrme 


Me 



H 

R *= — CHMe — CH,OPh tsoxsuprlne, IX 2j 
R »= — CHMc— N)IUirlne, 1X26 
R « H. JX27, 

R « Me, p hydroTyepbednoe 1X29 

(IX 2^ which also contain a methyl group a to the nitrogen atom, are used 
for producing vasodilatation This additional action may be due, at least in 
part, to the compounds retaining siimulant activity at 3 adrenergic recep- 
tors (Lish, Dungan, and Peters, I960), even though they block a receptors 
The introduction of a methyl group «• to the ammo group does not appear 
to alter theintensity of tie activity greatly, Tam ter (1932) obtained an equipo- 
tent molar ratio for (±) 3 (p-hydroxypbenyl) 3 hydroxy 2 aminopropane 
GX 27) relative to (— )-adrcaaIme of 67 for pressor activity in cats The re 
raoval of the alcoholic hydroxyl group also does not markedly effect activity 

TABLE 1X8 

Aehvi/y of « Substiluted DerUalnes o/Synephnne on the Isolated vas dc 
ferens of the Rat 



R 

R 

Agonist activity 
Equipotent molar 
ratio relauve to 
Synephrine 

Antagonist activity 
pA* 

H 1 

H 

0-3 

_ 

Me 1 

H (^ympltrine) 

IQ 

— 

npr 

H 

13 

— 

terl Bu 

H 

40 

— 

-CMesCHjPh 

H 

— 

56 

-CHMe(CHa)-Ph 

H 

— 

55 

-CHMe(CHj>!PIi 

Me (hfyhdnne) 

— 

62 

-CHMeCHsOPh 

Me (lioxsupnae) 

~ 

60 


AmiatlSfOO) 
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The results of Barger and Dale (1910) indicate that tyramine and N-methyl- 
tyramine (IX 20 and 28) have activity of the same order as that of Synephrine 
and jhhydroxyephedrme {Suprifene^ 1X29) The equipotent molar ratios re- 
lative to (—)-adrenaliQe appear to be between 100 and 200, but estimates vary 


HO CHiCHi N 

1X28 


greatly (Bovet and Bovet-Nitti, 1948) Desoxy compounds with an «-methyl 
group appear to be more active , MUgge (!93^ obtained an equipotent molar 
ratio Tor PhoJedrme (Ventol, IX 30) relative to (— )-adrcnaIme of between 10 
and 50 on the cat blood-pressure and Alles (!933) a ratio of between 50 and 


ivie 

CHiCH N 


R «= Me, PlMtednnt, DC30, 

R H, p-Hydroxy amphelamine, IX.31 

100 for p-hydroxyampbetanune (Parednne^ IX 31) m dogs The responses pro- 
duced by all these drugs, however, are different m character from those pro- 
duced by adrenaline In particular the effects last much longer, making quanti- 
tative estimation of activity intnnsically impossible and accounting for the 
great vanation m the results 

Cameron and Tamter (1936) considered that the actions of some of these 
compounds resembled those of ephednne and other compounds without 
phenolic groups (see below) rather than those of adrenaline and noradrenaline 
Moreover, even some compounds which produce a transient response, such as 
tyramine (Fig IX 6), do not appear to be acting exactly like adrenaline and 


$120' 
I ' 




S' 5' 

4 B 

FIG IX 6 Blood pressure responses m the anaesthetized rat to 

A 21 nMoles of (_—yadrenaUne and B 2 0 |xAfo/« of tyramine Note the 
difference in the time course of the response 
noradrenaline The effects of adrenaline on blood-vessels arc potentiated by 
cocaine (possible reasons for this are discussed on page 340), and Morton and 
Tamter (1940) tested the effects of cocaine on the responses of the perfused 
cat’s hind limb to a wide vanety of compounds , they also observed the effects 
on activity of changing the perfusion fluid from physiological saline to blood 
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The results (Table IX 9) show distinct differences in the behaviour of the com 
pounds, these being m general related to differences in chemical structure 
The catecholamines all behaved similarly in being potentiated by cocaine and 
about as active in the presence of blood as m the presence of physiological 
sabne The m hydroxy compounds behawd m more or less the same way, but 
most of the p-compounds and all the non phenolic compounds were antago- 
nized by cocaine and much more active in the presence of blood It seems un 
hkely, therefore, that these latter compounds arc acting in the same way as 
adrenaline 

Carlsson, Rosengren Bertlcr, and Nilsson (1957) found that tyramine did 
not raise the blood pressure of ammals which had been treated with reset 
pine, but Bum and ^nd (1958) observed that pressor activity returned after 
the animal had been given noradrenaline This ivas interpreted as indicating 
that tyramine acted by causing a release of transmitter from the local stores, 
which were depleted when the animal was treated with reserpme and which 
became replenished after the ammal bad been given some /loradrenalme (by 
slow intravenous infusion) Burn and Rand (1960) subsequently found that 
although the sensitivity to tyrarmne could be restored by 3 4-dihydroxy 
phenylethylamine (dopamine), or the amino acids, 3 4-dibydroxyphenyI 
alme, m tyrosine, or even phenylalanine, it was not restored by adrenaline 

These findings could explain why the relationships between structure and 
activity u this series ofp-bydroxy compounds are different from those m the 
m hydroxy or 3 4-dihydroxy senes Compounds, such as 5>nep/>ri!>:c (IX 22) 
or 2 (p-hydroxyphenyl) 2 hydroxyethyliropropylamine (IX 24) which closely 
resemble adrenaline and Isoprenahne, have some feeble activity on the adre 
nergic receptors even thou^ they lack the m hydroxyl group Compounds 
without the alcoholic group, such as tyramine (tX 20) N methyltyramme 
(1X28) (IX 30) zn^phydroxyamphetammetdX'il) appear to be 

more active as pressor agents than would be expected because they act mostly 
by a different mechanism , PhoUdrute, in particular may be acting hke epbe 
dnne (see below) as well as hkc tyramine On the ^-receptors in the guinea pig 
lung however, these compounds without the alcoholic hydroxyl group are 
inactive (Lands and Tainter, 1953) which suggests that the storage mechanism 
at these sites may be different from that at sites contaimng « receptors 

Compounds without Fhenohe Groups 
Phenylethylamine Deri\ati\es 

Barger and Dale (1910) studied some aromatic amines without a phenolic 
hydroxyl group and found that 2 phenyl 2 hydroxyethylmcthylamine (DC 32) 
Ph-CHOH-CH,-NHR Ph-CH,-CH,-NHR 

Re=MeIX32 R = MeIXJ4 

R = H 1X33 R“H 1X35 

2 phenyl 2 hydroxyethylamine (DC 33), 2 phenylethylmethylamme (DC.34), 
and 2 phenylethylamine (DC 35) all had weak pressor activity of about the 
same order of magmtude Results obtained by Lands and Grant (1952, Table 



TABLB 1X9 

Vasconsirictor Properties of Substances on Perfused Hmd Limb of the Cat 



Equipotent molar ratio* 
relative to ('~><ulrcnaline 
in preparation perfused I 
with 1 

! 

Ratio 

1 

Effect of 
cocaine 

1 Locke’s 
solution 

Defibrinated 

blood 

(±) CHOHaisNHj 

20 

12 

17 

S 

(norAdrenaline) 





(±) CHOHCHMcNHj 

99 

32 

31 

S 

{CorbasS) 





(±) CHOHCHMeNHhfe 

' 2/3 

29 

07 1 

S 

CHsCHsNHMc 

67 

79 

0 85 

s 

{Epmine) 










no 





(-) CHOHCHsNHMe 

25 

12 

20 ! 

s 

{Melasympaiot) 





(±) CHOHCHMeNHs 

210 

53 


No change 

(-) CHOHCHhfeNHMe 

290 

150 


— 




1 


CHiCHsNHs 

6,700 

39 

174 


CTyramine) 





CHiCHMeNHt 

SOOO 

3T 

214 

— 

a 





(-) CHOHCHMeNHMe 

34000 

80 

430 

D 

(Ephedrmc) 





(±) CHOHCHeNHa 

99 

49 

20 

D 

(±) CHOHCHMeNHs 

40.000 

44 

890 

D 

CHiCHsNHs 

too ! 

92 

11 

1 ^ 

(±) CHiCHMeNHs 

SI, 000 

Dihitor 


' D 

(Amphetamine) 




i 


• Calculated on tlie assumption tliat die onguial figures refer to weights of base the 
optical activity of the matenal tested is also not always specified, the sign indicated here is 
that which seems most hkcly from what is known a^ut the matenal available when this 
work was done Errors in these figures will not affect the ratio, which is the most important 
feature of the table If this is greater than um^ the compound is more active in the presence 
of blood. 

S indicates increased sensitivity, D indicates diminished sensitivity, — indicates not 
tested 

Note ~ The log dose-response curve for adrenaline m the preparation perfused with 
Locke’s solution was not greatly different from the curve for the preparation perfused with 
blood 


Morton and TtdMer {,194(f) 
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TABLE IX 10 

Pressor Acth ity of PhenytethylanAne Dertvalu es in Anaesthetized Dogs 
PfaCHROfiNriR'’ 




Equipotent molar 

R 

R' 

ratio rclauve to 



(— )-adrenaline 

H 

H 

100 

H 

Me 

117 

OH 

Me 

244 


Lands and Grant U9S2) 


DCIO) indicate that the compounds actually differ slightly m activity, those 
with p-bydroxyl or N methyl groups being weaker than thcsimplephcnylethyl- 
amine They all produce effects which last much longer than those of adrena- 
line (Fig K Q and consequently estimates of activity relative to adrenaline 
are meaningless and very vanable(Boveland Bovet Nitti, 1948), estimates of 
activity relative to each other, however, may be more informative The sub- 
stitution of a methyl group «- to the ammo group, as in the compounds 
ephednne (IX 36) and Amphetamine {Benzedrine, IX 37), appears to prolong 
Me 

PH-CHR'-CH-NHR 

R = OH, R “ Me Ephednne IX.36 
R « H, R — H Amphetanune, IX 37, 

R H, R Me Meihylamphetamme, DC J8 

their actions even further, although it does not greatly affect their activity as 
assessed by the dose required to produce a particular rise in pressure These 
substances are particularly interesting, partly because their action is sustained 
and therefore potentially useful, partly because they arc absorbed when given 
by mouth (unlike adrenaline), and partly because they stimulate the central 
nervous system 

Ephednne is an alkaloid obtained from Ma Huang, a drug which has been 
in use m Asia for several thousand years It was isolated by Nagai (1887) but 
Its pharmacological properties were first studied by Chen and Schmidt (1925) 

It contains two asymmetnc centres and there are, therefore, four isomers, 
(*{-)- and (— ) ephednne and (-)-)- and (— ) ^ ephednne Emde (1929) showed 
that (— )-ephednoe and (+)'^-ephednne could both be reduced to (+)-des 
oxyephednne (Fig IX 7) and so most have the same configuration at the 
carbon aton « to the ammo group Freudenberg and Nikolai (1934) showed 
that this configuration was the same as that of (-j-)-alanioe and that m 
(— )-ephednne the arrangement at the carbon atom p- to the ammo group was 
the same as m(--) mandelicacid Theabsoluteconfigurattonof(— )-ephednne 
roust, therefore, be 3R (3 phenyl 3 bydroxy>-2S (methylamino)propane, and 
(-[.),^^phednnc will have the 3S-2S structure This has been confirmed by 
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crystallographic analysis (Phillips, 1954) and by nuclear magnetic resonance 
studies on cychc derivatives (Fig IX 7, Hyne, 1959) 

The activity of the various isomers of cphednne has been studied by Chen, 
Wu, and Hennksen (1929) and the results (Table IX 1 1) indicate that although 
the (— ) isomer of ephedrme is the most active, the differences between (he 
various forms are not as grcit as with the isomers of adrenaline and noradren- 
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aline (Table DC 2) This is further support for the idea that ephedrme does not 
act m the same way as adrenaline Even though (— ) ephednne has the same 
configuration at the p carbon atom as (— ) adrenaline (Fig IX 5), the rela 
tionships between configuration and activity are diEBcuIt to interpret If the 
(— ) isomer is attached through the alcohohc group why is not the (— ) ip iso- 
mer the next most active for it has the same configuration at the P-carbon 
atom? If this is because the arrangement at the a-carbon is different, why is 
not the (+) isomer the least active for it has the same configuration at the 
B carbon atom as (— ) ip ephednne and the ‘wrong’ configuration at the 
p carbon atom? 
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A possible explanation may be that there is restricted rotation about the 
C-C“bond with the bulky methyl and ammo groups placed awayfrom the 
benzene nng (Fig. IX 8) In the isomers of ephedrme, this would lead to 
the ammo and hydroxyl groups being traits to each other, whereas in the 
isomers of ^-ephednne they would be ets Prclog and Hafliger (1950) have ob- 
tained evidence that this occurs tn solution* (— )-ephednne is a slightly weaker 
base than (-f )-i^phednne (the pK® values at 22® are 9 58 and 9 74 respec- 
tively) and (— )HN-methylephednnc is a distinctly weaker base than (+>-N- 


TADLB IX 11 

Pressor Aetiuty of Isomers of Epheirine 



Equipotent molar 
ratios relative to 
(— )-cphednae in 
anaeslhetized cats 

(— >-Ephednne 

10 

(±>Ephednne 

1 3 

(+)-Ephednne 

29 

Ephednns 

52 

(±H Ephedrme 

88 

{—y4 Ephednne 

! 35 0 


Chen, lVu,md Henrdaen {1927) 


methyl-^-ephednoe (the pK® values at 26® are 9 22 and 10 02 respectively) It 
IS possible that the ionized form would be stabilized by hydrogen bond forma- 
tion if there is a hydroxyl group close enough (a solvent molecule is also in- 
volved), and hence it is argued that m the stronger base the ammo and hydr- 
oxyl groups must be css (sec also Brown, McDaniel, and HSfbger, 1955) Ac- 
cordmgly, it is possible that when absorbed at the receptor, the hydroxyl 
group, ammo group, and benzene nng in (— )-cphedrme lie almost m the 
same plane, and that the difference between the (— )- and (+)- isomers arises 
from the a-methyl group obstructing the fit of the (-}')-isomer (Fig IX 8) In 
(4.)-^-cpbcdnne, the ammo and hydroxyl groups can less readily assume a 
Irons configuration, similar to that shown for (— )-ephedrme, and the methyl 
group IS then in a position similar to that in (-^)•ephednne, m vshich it might 
obstruct attachment to the receptor, to achieve a similar arrangement of the 
hydroxyl group, ammo group, and benzene nngs in (— )-^-ephednne, the 
methyl group would have to be in exactly the opposite position, and it would 
be greatly hindered from domg this by the benzene nng It must, on the other 
hand, be pomted out that, although the results ofPhiUips (1954) confirm the 
absolute configuration of (— )*ephednne, they show that, m the crystalline 
bydrochlondc, the hydroxyl and methylamino groups are not irons but cis 
The relative positions of these groups and the chlondc ions, however, mdicatc 
appreciable interaction and the gam m energy from this could account for the 
assumption, in the crystal, of what would be, m solution, a less stable con- 
figuration 
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This explanation supposes that the hydroxyl group, amino group, and the 
benzene nog are all involved in the attachment at the receptors It may be 
questioned whether the hydroxyl group can be In the phenylethylamme 
denvatives ivithout the a methyl group the present of a p-hydroxyl group 
docs not appear to effect activity and m the tyramme senes it appears actually 
to decrease it With these non-phenoltc a methyl compounds there is no con* 
vincmg evidence that a p*hydroxyI group either increases or decreases activity 
Tainter (1933) found that norephednne (presumably a mixture of the isomers) 
was considerably more active on the blood pressure than Amphetamine, but 






Preferred configuratton of (— )- Preferred eonfigurafSon of {+)•<}>• 

ephednne? HO- trans to NHMe ephedrwel HO- cis to NHMe 



Hypothetical fit of i—yephedrine (on Mi) and{+)‘ephedrine (on nght) to receptor 



Me 


Hypothetical fit of (+) ^ ephednne (on left) and (— ) ^ ephednne (on nght) to the 
same receptor, note that in the right handpicture the methyl group on the carbonatom 
a- to the amino group is forced tn the direction of the bemene ring, with which it may 
interfere stencaify 

FIO 1X8 


there does not appear to be much difference between the activities of (— )-ephe' 
drine and methylamphetamine (dcsoxyephednne, Methedrine, Pervitme, 
IX 38, see, for example, Domenjoz and Fleisch, 1940) 

The desoxy compounds, however, are much less stereospecific Swanson, 
Scott, Lee, and Chen (1943) found that, on the blood pressure of the spinal 
dog, the (— )*isomers of Amphetamine and methylamphetamine were more 
active than the (-{-)-isomers, but the equipotent molar ratio for the (+)- re* 
lative to the (— )- was very low, being 1 4 for both Amphetamine and methyl- 
amphetamine In anaesthetized dogs, however. Lands, Nash, Granger, and 
Dertinger (1947) found the (+) isomer of methylamphetamine to be more 
active than the (-)-, the ratio being 2 3 1 These results indicate that there is 
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little difference between the activities of the isomers and consequently the 
stercospecificity of ephcdrmc must anse from the presence of the hydroxyl 
group 

The isomers of norephednoe have not been studied in the same detail as 
those of ephednne, but the results which are available (reviewed by Chen and 
SchTmdt,i930) indicate lhat(4*y^^ norcphednoeismoreaclivethanC— )-^ nor- 
ephedrine These nor-compounds appear to be more active than the corres- 
ponding N methyl denvativcs, and m this respect the phenylethylamine senes 
resembles those already discussed 

Other Ammes 

Several denvativcs of cyc/ohexyletbylamine were studied by Gunn and Curd 
(1940), and Lands and Grant (1952) compared quantitatively the activity of a 
number of c>e/ohexyl compounds with that of the analogues contaimng a 
benzene nng The former were consistently less active than the latter (Table 
IX 12) and likewise 4-hydroxyocfchexyl compounds were consistently less 
active than the analogous tyramine derivatives 


TABLE IX 12 

Pressor Properties of cydoffexytelhylamuie Dernotives in Anaesthetised Dogs 



Lands and Grant (1952) 


Barger and Dale (1910) examined many aliphatic amines and found weak 
pressor activity in long chain compounds such as 2 ammoheptane (1X^9) and 
2 ammo-octane (1X40) Many compounds of this type have been tested by 



n = 4 1X39, 
h = 5 IX.40 



Swanson and Chen (1946) and by Marsh, Howard, and Hemng (1951), and 
activity appears to be greatest m compounds such as 2 BietfayIamino-4-mcthyI- 
hexane (K 41), 2 aimno-4-methyIhcxane (IX 42), 2 methylaromohcptane 
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(IX 43), and 2 aminoheptane (DC 39) These all contam the unit, -CHMeNHR, 
and may possibly be acting like Amphetamine, though less effectively 
In both the cyc/ohexyl and simple aliphatic senes of amines, there appears 
to be only a moderate degree of stereospecificity Lands, Nash, Granger, and 
Dertinger (1947) found (— )-N-methyl p cyclohexyluopropylamine (IX 44) 


H 

W ^Me 
1X43 


o CHi CH N 


to be more active than the {+) isomer, the equipotent molar ratio for the 
latter relative to the former on the blood pressure of anaesthetized dogs be- 
ing 2 5 In the same expenments, the (-b) isomer of the benzene analogue, 
Methytamphetamine, was more active than the (— )-isomer (see abo^e) The 
equipotent molar ratios relative to (— ) adrenaline were 290 for the racemic 
form of the cyc/ohexyl compound and 200 for (i) Methylamphetamine For 
2 aminoheptane in the spinal dog, Swanson, Stcldt, and Chen (1945) found 
the (-f-)-isomer to be more active than the (— )-, the equipotent molar ratio 
for the latter relative to the former being 1 9 The equipotent molar ratio for 
the racemate relative to (— )-adrenaline was around 300 


Benzene Deriratires with Substituents other than Hydroxyl 
Alkylation of the phenolic groups m adrenaline and noradrenahne appears to 
reduce activity drastically The introduction of even one methyl group m the 
m position by the enzyme catechol O methyl transferase appears to reduce 
activity so much that this step is regarded by Axelrod, Weil Malherbe, and 
Tomchick (1959) as terminating the physiological effects of adrenaline and 
/luradrenaline Bacq (1960) has challenged the use of the word ‘terminating’, 
because 3 O methyladrenaline {Afetanephnne, IX 2, this compound should 
not be confused with Neosynepf trine') appears to affect the sensitivity of tissues 
to adrenergic drugs although not producing responses itself The cat nictitat 
ing membrane, for instance, is more sensitive to sympathetic stimulation in 
the presence of 3 O raethyladrcnaline The activity of the compound, how- 
ever, appears to be small, Kukovetz, Hess, Shanfield and Haugaard (1959) 
failed to obtain any effects on the rat heart with doses 1,000 times those of 
adrenaline and noradrenaline which were active The 2 5-dimethoxy com 
pound, Meihoxamine (IX 45), was also inactive This latter compound, how- 
ever, caused a long lasting vasoconstrirtion and rise m blood pressure m 
doses about 100 times those of adrenahne and noradrenaline (Goldberg, 
Gotten, Darby, and Howell, 1953) 

Alkylation of the phenoUc groups m adrenaline should make the molecule 
less polar and so might greatly faobtate transport to the centra! nervous sys 
tem Many compounds of this type, like the other non phenolic amines have 
marked stimulant activity on the central nervous system Me«aline (IX 46) is 
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an example These could produce changes m blood-pressure indirectly by 

stimulating the vasomotor centres (see page 85). 

Singh Grewal (1952) found that 6-mcthyladrenahne (IX 47) produced re- 
sponses very hke those of adrenaline, but the compound was considerably less 
active, the equipotent molar ratio for the racemate relative to (— ) adrenaline 



hlethoxamlne, 1X.4S 


on the blood-pressure of the spinal cat being about 20 This compound was 
originally made because it could not be oxidized to an adrenochrome deriva- 
tive It IS also of interest because of the close proximity of the 6-methyl group 
to the alcoholic hydroxyl group which may, in consequence, be stencally 
hindered 



CHOH — CHjNHMe 


1X47 



X -H,N,IX48. 
X - F, IX.49 


Lands (1952) studied a number ofm ammo analogues of adrenaline (IX 48) 
and found these to be considerably less active than the m-hydroxy analogues 
The analogue of ;wradrenalme was the most potent on the blood-pressure of 
anaesthetized dogs, but from its activi^ relative to (— )-adrcnahnB it appears 
to be only about one-tenth as active as the m-hydroxy compound (IX.15, 
page 302) Lands (1952) also studied a number of m-fluoro analogues (DC 49) 
and found these to be even weaker than the m-amioo compounds 




CHR CttjNH, 


R = H,IX50. 
R = OH, IX 51 



CHOH — CHjHHR 


Cl 


R = H. IX 52, 

R>= Me 1X53. 

R >= injPr. DCI JX 54 


Tamter (1930) observed that /?-chlorophenyIethylaraine (1X50) was less 
active than phenylcthylamine, and Hartung, Munch, and Crossley (1935) 
hkcwise found that the introduction of a/>-chIoro group into the correspond- 
ing alcohol (I-phenyM-hydroxy-2 ammoethane, IX 51) greatly reduced 
pressor activity The 3 4-dichloTo compound (1X52) analogous to nor- 
adrenahne was synthesized by Glynn and Linnell (1932) and also found to 
have only weak activity The equipotent molar ratio relative to (— )-adren' 
aline on the spinal cat appeared to be around 200 Powell and Slater (1958), 
however, found that the 3 4-dichIoro analogues of noradrenaline, adrenaline, 
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and Isoprenalme were antagonists of the actions of adrenaline and Isopren- 
aline on tissues containing receptors of the p type, such as those in the blood 
vessels of the cat which dilate and lead to a fall m blood pressure, those in the 
bronchi of the dog and in the trachea of the guinea pig, and those m the rat 
uterus and rabbit intestine the effects on the heart were not so marked 
Anens (1960) has obtained pAa values on the calf tracheal muscle of 4 0 for 
the analogue of noradrenahne (IX 52), 4 3 for the analogue of adrenahne 
(IX 53), and 4 9 for the analogue of Isoprenalme (‘ZJCr, IX 54) The actions 
of the compounds may be complicated, however, by the weak activity at 
a-receptors and by the abihty of DCI to act also as a non specific bronchodila 
tor This non specific effect is more marked m DCI than in the lower 
homologues and can be detected by the abihty to antagomze contractions 
of the preparation produced by banum ions, the action appears to resemble 
that of the alkaloid papavenne and does not involve the adrenergic re- 
ceptors 

Moran and Perbns (1958) found that DCI produced blockade of the adre- 
nergic receptors in both intact and isolated mammalian hearts m doses which 
did not alter the responses to drugs which effect the heart by other mechan 
isms (digoxin, theophyUine, and calcium chloride) The isopropyl compound 
was more active than the analogues of noradrenahne and adrenaline. Fleming 
and Hawkms (1960), however, observed that tbe action of DCI in the dog 
heart lung preparation is not that of a simple antagonist, stimulation precedes 
antagomsm and the compound may well be really a partial agonist Ahlquist 
and Levy (1959) and Levy (1959) have shown that the actions of the com- 
pounds on the intestine are also more compheated than was first thought, the 
results have been interpreted by Furchgott (1960) as indicating the presence 
in the tissues of both a and p-types of receptor Claasen and Noach (1960) 
have found that DCI inhibits tbe action of adrenaline m stimulating glyco- 
genolysis and raising the concentration of glucose m the blood 

These 3 4-dichloro analogues of noradrenaline, adrenaline, and Isopren- 
aline are of considerable pharmacological interest because they may be used 
for investigating the types of adrenergic receptor present in the tissues Their 
actions are not so specific, however, that their use for this purpose always 
gives unambiguous results 

Black and Stephenson (1962) have recently described the powerful bloctang 
action at p adrenergic receptors of 2 wopropylanuno-l (2 naphthyl)ethanol 
{Pronethalol, Alderhri) This molecule is structurally very similar to DCI, 
the only difference being that at the 3- and 4- positions, a benzene nng is 
fused on in Pronethalol, in place of the two chloro groups of DCI Unlike 
DCI, It IS reported to have little agomst activity at « receptors Black and 
Stephenson found that the concentrations of Pronthalol which reduced the 
effects of adrenaline to half were 2 X 10 on cat papillary muscle 
8 X 10 ®M on guinea pig heart muscle (Langendorff’s preparation) and 
8 X 10 ®M on the guinea pig trachael chain In concentrations up to 
4 X 10 5m the compound was inactive against the effects of adrenaline on 
the rabbit uterus or perfused ear Domhorst and Robinson (1962) showed 
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that the compound was also active in man, blocking the efiects of Isopren* 
aline on the circulation Its action on the metabolic efiects of adrenaline is not 
clear Pilkington, Lo\\e, Robinson and Tittcnngton (1962) found that the 
compound blocked the rise in the level of free fatty acids, produced in response 
to adrenaline, whereas an a-blocking agent, Phenoxybenzamme, did not do 
this Neither compound, however, was eflcctive m preventing the rise m the 
level of glucose produced by adrenaline 

Relationsbips betiveen Qiemlcal Structure and Activity 
The pressor properties of a number of compounds related to adrenaline are 
shown in Table IX 13 Although the figures are not based on a strict compan 
son of the compounds in one set of experiments, but were calculated by Gunn 
(1939) from results published by many authors using different preparations, 

TABLE tX 13 

Pressor Properties of Compounds Retated to Adrenaline 
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the Table forms a convenient summary and the results agree quite well with 
those obtained more recently (which have been discussed above) The dis- 
sociation constants of many of the compounds have been measured by Lewis 
(1954) and are included in the Table together with an indication of the pro- 
perties of the compounds on isolated rabbit intestine Phenylethylamines and 
ethanolamines are strong bases, and those with phenolic groups are weak 
acids There is very little difference between the values for all the compounds 
the results for Isoprenaline, for instance (not included m the Table), are 
practically identical with those for adrenaline and indicate that, at physio- 
logical pH, the molecule is about 94 per cent present as the cation and only 
5 per cent as the zwittenon It seems reasonable to expect that the former is 
the active species 

For activity at « adrenergic receptors, three features appear to be necessary, 
a m phenohe group, an alcoholic hydroxyl group, and an amino group, in the 
same positions relative to each other as in (— ) noradrenaline A p phenolic 
group appears also to be beneficial, but is not as essential as is the m phenolic 
group If the former only is present, as in tyramme, part of the activity of the 
molecule may be ascribed to an action on the mechanisms for storing nor- 
adrenaline, more than to an action on the adrenergic receptors themselves An 
increase in the size of the substituent on the nitrogen atom leads to a marked 
decline in activity, though this is an effect on efhcacy, rather than afRmty, be- 
cause some of the compounds are antagonists The importance of the hydr- 
oxyl group for activity at the adrenergic receptor is shown by the high 
stereospecificity of all the active compounds The stereospecihcity of the 
weaker compounds, however, is less marked and is consistent with the idea 
that these may be acting at sites other than the adrenergic receptors 

The introduction of a methyl group in a position a- to the ammo group 
appears to prolong the activity ofacompound It was suggested by Blaschko, 
Richter, and Schlossman (1937) that adrenaline was destroyed by amme 
oxidase, and Gaddum and Kwiatkowski (1938) postulated that the actions of 
compounds of this type, such as ephednne, might be due to inhibition of this 
destruction and consequent potentiation of the effects of adrenaline Nor- 
adrenaline is also destroyed by amine oxidase, but it is now clear that enzymes 
of this type are not primarily responsible ibr fimiting the cflccts of either 
adrenaline or noradrenaline Moreover, substances are known which inhibit 
amine oxidases (see page 340), but have htfic activity on the blood pressure or 
on other preparations containing adrenergic receptors The actions of com- 
pounds such as ephednne must, therefore, be asenbed to activity at the 
adrenergic receptors and/or on the storage mechanisms, and the prolonged 
activity brought about by the introduction of the a methyl group must be 
asenbed to the increased resistance of the compound itself to amine oxidases 
It IS interesting that the effects of the substitution of an o methyl group on 
duration of action are greater in the phenylethyJamine and tyramme senes 
than m the m hydroxy- or 3 4 dihydroxy- phenylethylamine senes In the 
latter, the compounds would be expected to be inactivated by O methylation, 
whereas the former would be expected to be destroyed by amine oxidases 
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For activity on P-adrenergic rtceptors the requirements appear to be 
rather similar, a w*phenolic group, an alcoholic group, and an ammo group, 
but these receptors differ from the «-receptors in that a large substituent, such 
as isopropyl, on the nitrogen atom, which would destroy efficacy at the a-re- 
ceptors, increases activity at the p-rcceptors The effects of altering the 
alcoholic hydroxyl group and of introducing an a-metbyl group on activity 
at p*rcceptors appear to be very similar to theeffects on activity at a-rcceptors 
The effects of substitution in the benzene nng, however, are different The 
3 4-dichloro compounds discussed above block the p-receptors, but retain 
weak stimulant activity at a-receptors 
It is interesting that quaternary derivatives are inactive at both types of 
receptor This might indicate that the drugs have to pass through some mem* 
brane m order to reach the receptor and that this membrane is impermeable 
to quaternary salts which are permanent cations On the other hand, all the 
actions of adrenalme are relatively rapid in onset, and it is conceivable that 
the quaternary compounds fail to act simply because of the bulk of the groups 
around the nitrogen atom At «*receptofs, for example, the presence of oidy 
two methyl groups on this nitrogen atom (as in N-mcthyladrenalme) is suffi- 
cient virtually to destroy activity 
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Fio IX J Hypothetical structure of «- and ^-adrenergic receptors 


Any picture of the adrenergic receptors should indicate the points of attach- 
ment of the m hydroxyl group, the alcohohc hydroxyl, and the ammo mtrogen 
atom, but even though the absolute configurations of (— ^noradrenaline and 
(_)-adrenalme are known, the molecule is so flexible that it is very difficult 
to do this with any confidence The situations at the a- and ? receptors might 
be as depicted in Fig IX 9, but farther information is clearly required and 
some of this might be obtained by a more detailed study of substances which 
block adrenergic receptors 
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ANTAGONISTS 

Oassificaffon of Antagonists of Adrenaline 

Some substances with affinity for adrenergic receptors but no (or little) efficacy 
have already been mentioned; the compounds with the large substituents on 
the nitrogen desenbed on pages 296 and 304, which block the a*type of 
adrenergic receptor, and the 3 . 4^ichIoro compounds discussed above, which 
block the Hype of* receptor Many other compounds, less obviously related 
to adrenaline, also block «-receptors (but not p-rcceptors) and these can be 
classified first, according to their type of action, and secondly, according to 
their chemical structure 



Pio 1X.10 Blockage of adrenergic receptors In the rabbit aortic strip by dIhydrO' 
ergo famine the graph of the logarithm of the concentration of adrenaline against the 
response Is shovm for different concentrations of dihydroergoiamwe The responses 
H ere measured when the tissue had been exposed to the blocking agent for 20 minutes 
{Turchgott, 1955, reproduced by permission ) 

In the first group, the competitive antagonists, can be placed the ergot 
alkaloids, yohimbine, and certain imid32oIines Furcbgott (1954, 1955) found 
that m the presence of drugs of these groups, the dose-response curves for 
adrenahne (and/or noradrenaline) on rabbit aorta were parallel to the curve in 
the absence of antagonist, being displaced toward higher concentrations of 
agonist to an extent dependent on the concentration of the antagonist (Fig 
IX 10) 

Drugs of the second group, notably Che p haloalkylanunes, also displace the 
dose-response curve for the agomst towards higher concentrations, but pro- 
duce a block which is unsunnountable (Fig IX 11) These results are consis- 
tent with an irreversible blocking action of the type discussed on page 14, 
usually called ‘non-competitivc’, but called by Furchgott an ‘irreversible com- 
petitive’ antagonism As Furchgott has pointed out, if only low concentrations 
of these antagonists are tested, the antagonism may be mistaken for competi- 
tion If production of a maximum response by the tissue depended upon all 
the receptors being combined with agonist molecules, the irreversible combi- 
nation of any receptors with antagomst molecules should render the tissue in- 
capable of producing a maximal response however much agomst were given 
Such a situation is obtamed, but only when many receptors have been blocked 
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irreversibly (Fig IX 1 1 indicates that a maximal response might still be ob- 
tained m the presence of low concentrations of antagonist) The results, 
accordingly, support the view that a maximal response of the tissues does not 
depend upon the combination of all the receptors with agonist molecules 
With low concentrations of antagonist there may still be sufficient ‘spare’ re- 
ceptors for a maximum response to be obtained by high concentrations of 
agonist In these conditions the results closely resemble those obtained with a 
competitive antagonist 



Fio JX 11 Blockage of adrenergic receptors in the rabbit aortic strip by Diben- 
amme the graph of the logariihm of the concentration of adrenaline against the 
response isskoy\nfor different concentrations of The responses were 

measured hhen the tissue had been exposed to the blocking agent for 20 minutes 
(Furchgott, 1955, reproduced by permission) 

The actions of some competitive antagomsts, on the other hand, may in 
these experiments be mistaken for non competitive antagonism, for the estab- 
lishment of equilibnum conditions m these experiments may take a long time 
It appears as if there were a bamer between tbe drug in solution and the drug 
in the biophase, antagonism may lake long to develop and equally long to 
pass off Furefagott (1953), for example, observed that with dihydroergotamine 
(see below) and the rabbit aortic stnp, cqudtbnum took over an hour to be 
established, and when the preparation uas washed its sensitivity was only half 
recovered at the end of 83 minutes 

The action of some groups of compounds, benzodioxans, phcnoxyethyl- 
amincs, dibenzazcpines, and hydrazinophthahzines (see below) have not been 
analysed in sufficient detail to allow their being definitely classified as com- 
petitive or non-competitive The work of Schild (I960), however, suggests that 
benzodioxans probably act competitively and, as pheooxyethylamines behave 
similarly m producing only relatively transient effects, it seems likely that 
these, too, are competitive antagonists 

The £tgot Alkaloids 

Ergot is a fungus which grows on rye It contains a variety of pharmacologic- 
ally interesting substances including chohne, histamine, and a number of 
alkaloids The pharmacological effects of ‘eigotoxine’ were studied by Dale 
(1906), but this material has since been shown by Stoll and Hofmann (1943) 
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to consist of a mixture of three alkaloids, ergokiystine, ergokryptine, and 
ergocomme, of which the last named is the most important, comprising almost 
90 per cent of the total Many other alkaloids are also present m ergot, and 
these can be divided into two senes of isomers and each senes can be divided 
into three groups (Table IX 14) The chemistry of the ergot alkaloids has been 
reviewed by Henry (1949), Glenn (1954), and Saxton (1960) and the phar- 
macology by Rothlin (1947) 

TABLE IX 14 
Ergot Alkaloids 

Fmt senes 

Group I 
Ergotamine 


Ergosine 
Group II 

Er^kiystine 

Ergokryptine 

Ergocomute 
(Ergotoxxne) 

Croup III 

Ergometnoe 
(Ergobasine) 

The amiflo-acids in the last column all belong to the 'oaturar series and have the S- 
configuration, (+>prolme, however, has the R*configurauon (but sec page 323) 

Stoll, Hofmann, and Becker {I94J) 

The members of the first senes are laevorotatory and much more active 
than their isomers belonging to the second senes, which are strongly dextroro- 
tatory and less soluble Although the compounds of both senes can be broken 
down into (-J-^lysergic acid, the members of the second senes are considered 
to be denved from uolysergic acid, which can readily be converted into the 
tautomenc lysergic acid 

Lysergic acid and wolysergic aad differ only in the arrangement of the 
carboxyl group and hydrogen atom at the 8 position In lysergic acid, the 
tetrahydropyridine nng is regarded by Cookson (1953) as being m a boat form 
with the carboxyl group axial but, according to Stenlake (1953, Stenlake and 
Raphael, 1953) a chair form is more bkely to be correct (Fig IX 12) m 
either event, possibly both forms have comparable stability Hydrogenation 
of lysergic acid could yield two isomers, in one the hydrogen at the lO-position 
would be as to the hydrogen at the 9 position and in the other it would be 
trans Because of the ngidity of the indole part of the molecule this hydrogen 
at the 5 position appears, inevitably, to be axial So far only one form of 
dihydrolysergic acid has been obtained, although two forms of dihydrouo- 
lysergic acid are known It seems likely (but not certain) that m dihydrolysergic 


Second senes 

Broken down into 

Ergotaminine 

(+)-Lyscrgic acid,' 

(— )-Phenylalanine 


NHj, 

CHiCOCOOH. 

and 

Ergosmine 

( 4 -)pfoIinc 

(— )-Lcucme 

Ergokiystmme 

(+>Lyscrgic acid 

(— )-Phenylalanine 


NHj. 


Efgokryp name 

MezCHCOCOOH 

" (-)-Leucine 

Ergocommine 

(+>protine 

(-|-)-valuie 

Ergometnnme 

(+)>Lysere>c aod 

and (+)-2 ammo propanol 
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acjd the hydrogen atom m the lO-posiUon is axial and trans to the hydrogen 
atom m the 5-posiUon 


Ma COOH Me 



A B 


Flo 1X12 StereoehemlsiryoflysnglcactddertvaUves (,+) lysergic aeld A,afier 
Cookson, B, after Slenlake 

In liolyserglc acid the H and COOH af the 8 position ore interchanged 
In dthydrolysergie acid or dihydro-isolysergie add the additional hydrogen atom 
at the Itypositlon can be either cts (a) to the hydrogen in the 5 position or trans (^) 



a b 


uoLysergic aad is much more readily converted into lysergic acid than is 
dihydrotrolysergic acid into dihydrolysergic acid, and it is thought that the 
enol form (DC 55) of lysergic acid (or wolysergic acid) is stabilized by the 
conjugation of the double bond with the existing double bond belt^een posi- 
tions 9 and 10 In (he dihydro denvatxves (here should be no such stabilizing 
influence, so mtercoaversion of the tautomers should be more difficult 




RCOOH •=■ (+>Iysergic and 

R' = H, R' « PhCH,-. (-)-Ergotamine, K 56 

R'*»H, R'«*Me,HCCH,-,(-)-Ergosme,IX57 


= (— ) Ergoconunc, K W 


Alkaloids of the ‘mine’ senes are denved from (+)-i»lysergic and, c g RCOOH = 
{+)-tsolyscrgic and, R' = H, R' = FhCH}, (+>Ei^lammuie 


Ergometnne and ergometnnme are much simpler in structure than the 
other alkaloids, being amides of (+) lysergic aad and (+)-/joIysergic acid 
respectively with (-f)-S-2 ammopropan-l-ol These compounds, however, 
have negligible blocking activity at adrenergic receptors, for which the more 
complicated polyp^tide side-cbaio of the other groups of alkaloids is re- 
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quired The structures of these polypeptides have been worked out and struc- 
tural formulae can, accordingly, be assigned to the alkaloids (IX 56-60) The 
(+) proline which is obtained by hydrolysis of the polypeptide (Table IX 14) 
appears to be due to inversion during hydrolysis, and it seems hkely that the 
natural (— ) S isomer is actually present in the alkaloid, for this is obtained 
when other methods of degradation are employed all the ammo acids, m 
fact, appear to have the natural configuration The structure, however, is 
tncyclic, rather than bicyclic, for Stoll, Hofmann, and Petrzilka (1951) ob- 
obtamed a diketopiperazine derivative as a hydrolysis product m certain con- 
ditions The absolute configuration of part of the structure is therefore known, 
but the exact arrangement of the substituents of the oxazolidone nng is not 

There are three mam actions of the ergot alkaloids, they cause the plain 
muscle of the uterus to contract (an ‘oxytocic’ action), they cause an intense 
vasoconstriction, and they block the « type of adrenergic receptor Ergome- 
tnne possess the oxytocic properties without causing appreciable vasoconstne- 
fion or adrenergic block This suggests that the oxytic action is not connected 
with the vasoconstrictor or adrenergic blocking actions Ergometrme is par- 
ticularly valuable in midwifery because it can be used to cause the uterus to 
contract without producing the other effects, which would be undesirable 
The vasoconstriction is very long lasting, and m people eating rye bread con- 
taminated with ergot may lead to permanent arrest of the circulation (‘St 
Anthony’s Fire’) and consequent gangrene, particularly in penpheral vessels, 
such as those of the toes This has long been regarded as being a ’direct’ action 
of the alkaloids on the tissues, but Innes (1962) has suggested that it may be 
a stimulant action on the adrenergic receptors T^e compounds are 
considered to be partial agonists and the block of the adrenergic receptor to 
occur only when the receptors are saturated with these molecules with low 
efficacy 

These results are inconsistent with those obtained by Furchgott (1955), but 
It mustbepointed out thatalthough graphs, such as those shown inFig IX 10, 
appear to be strong evidence m support of an action by competition, they 
were not obtained in conditions of equilibrium but after exposure to the 
antagonist for only 20 minutes Ergot alkaloids do, in fact, have some stimulant 
tie ra Wv/ aorti'o s/np, effects are ssuch less tbaa these 

observed on blood vessels The mode of action of these compounds cannot, 
therefore, be regarded as being understood Indeed, because their actions take 
so long to reach a maximum effect and so long to pass off, it is not only virtu 
ally impossible to test whether th^ arc competitive antagonists or partial 
agonists, but it is questionable whether these terms have any meamng The 
compounds are hardly ever used in conditions of equilibrium and the pharma- 
cological activity is accordingly usually dependent upon the rate constants 
for uptake or, m some circumstances, for loss, and not upon the equilibrium 
constant 

The slowness m the development of block is very difficult to reconcile ivith 
an action by competition The adrenergic receptor appears to be relatively 
accessible to drugs because the response of the tissues to agonists is reasonably 
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rapid a maximum efiect is obtained with adrenaline on the rabbit aortic strip 
almost as rapidly as with acetylcholine and the frog rectus muscle The ergot 
alkaloids have a molecular weight about four times that of adrenaline, but 
Jack the zwittenomc character of the latter and so miglit be expected to pene- 
trate membranes, if anything, better than adrenaline If the alkaloids and 
adrenaline combine with the same receptors, why does the block take so long 
to develop? 

More IS known about the relationships between the chemical structure of 
the alkaloids and their oxytocic activity than about the relationships with 
blocking activity at the adrenergic reccptOR The oxytocic activity of ergo- 
metrme*appears to depend upon the presence of the (+) lysergic acid portion 
of the molecule The isomer denved from isotysergic acid, ergometrmine, is 
virtually inactive as are also the isomers derived from (— )-lysergic acid and 
(— >R-2 aminopropan I ol, from (— Hyscrgic and and (-f-)-S-2 ammo 
propan !*ol, and from either (— )- or (+) isolysergic and with either (— ) or 
(-{-}- 2 amino-propan-1 ol The activity of the isomer denved from(-h lyser- 
gic and and (— ) R 2 aminopropan l-ol, however, was the same as that of 
ergomctnoe itself, but with the isomers of the synthetic compounds denved 
from (-f)-lysergic acid and norephednne, that denved from (— )-norephcdnnc 
was much more active than that denved from (+)-nerepbcdnne (results of 
Rothlm, quoted by StoU and Hofmano, 1953) 

It would seem likely (hat blocking activity at the adrenergic receptors varies 
similarly with structure, activity being confined to denvatives of (-!-) lysergic 
acid with a polypctide side-chain of one particular configuration The relative 
activities of ergot alkaloids and their dibydro derivatives in antagonizing the 
efiects of adrenalme on the rabbit uterus and guinea pig seminal vesicles are 
shown in Table XX 15 The results indicate that activity is greatest with large 
substituents on the tncychc polypeptide residue and that activity is consider 
ably increased by hydrogenation As was pointed out above, only one dihydro 
derivative is obtained on hydrogenation of the lysergic acid denvatives, in 
which the hydrogen atoms at positions 5 and 10 are probably trans, and there 
is no mdication what the activity of the ca dibydro denvativc is 

Yohimbmc Alkaloids and Related Compounds 

Although yohimbine resembles denvatives of lysergic acid m that both might 
be denved from tryptophan, the formation of lysergic acid would involve 
cyclizalion with the 4-position of the indole nog, whereas the formation of 
yohimbine would involve cyclization with the 2 position Yohimbine is a 
derivative of tetrahydronorbirmane (1X61) and closely related to the 
Ramolfia alkaloids, such as rcserpinc Yohimbine has, m fact, been found to 
occur in various speaes oiRaunoifia (a shrub which grows m India), although 

• Note - The isomer of ergoinetnnc denwd from (+)-lysergic add is only feebly 
laevorotatory, unlike the other ergot alkaloids of this senes which are strongly lacvo 
rotatory The isomer of ergometnne is, in fact, dextrorotatory m certain solvents as are 
certain salts including those listed m certain Pharmacopoeias In tests desenbed in the 
Bnlish and United States Pharmacopoeias forexample this isomer is dextrorofatoty 
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TABLE IX 15 

Antagonism of the Action of Adrenaline by Ergot Alkaloids 


Alkaloids all derived from (+) form of 
lysergic acid 

Equipotent molar ratios relative to 
ergotarmne for antagonism of the actions 
of adrenalme on 

bolated gumea pig 
seminal vesicles 

Isolated 
rabbit uterus 

Ergotamine 

1 

1 

Dihydrocrgotamine 

014 

044 

Ergosine 

1 

1 

Dihydroergosine 

017 

0 50 

Ergokrystinc 

0-25 

1 

Dihydrocrgokrystine 

0029 

0 29 

Ergokryplme 

0 25 

0 67 

Dihydroergokryptine 

0 029 

020 

Ergocomine 

05 

1 20 

Dihydroergocomme 

OCM 

' 04 


BatUrntmT) 


the usual source is the bark of trees such as Corynanthe Yolumbe (which grows 
in Central Afnca) 

Yohimbine contains 5 asymmetric centres (at positions 3, 15, 16, 17, and 
20), and it seems likely (review by Saxton, 1960) that formula IX 62 indicates 

CtjO. 

1X61 

the absolute configuration of (4-) yohimbine The hydrogen atoms at the 3- 
and 15 positions and the hydroxyl group at the 17 position are axial on one 
side of the molecule and the hydrogen atoms at the 16 and 20-positions are 
axial on the other, the ester group being equatorial and the molecule as a 


R « CO, Me, R •= H Yohimbine IX 62 * Yohimbine IX 64 

R « H, R = CO, Me, Coiynanthine lX.d3 

whole remarkably flat The alkaloid corynanthine (IX 63) is identical except 
that the ester group is axial instead of equatorial In p yohimbine the nngs are 
again arranged in the same way, but both the ester and hydroxyl groups are 
equatonal 
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In ti-yohimbine(IX 64) rings D andEare arranged differently, the hydrogen 
atom at the 20-position being cis to the hydrogen atom at the 15 position, the 
ester group is equatonal and the hydroxyl ^oup axial (with nng E in the boat 
form) The same arrangement of rings D and E is found in reserpine, but the 
arrangcmentofnngsCandDis also altered, the hydrogen atom at the 3 posi- 
tion being cquatonal, both ester groups attached to nng E are equatorial and 
the methyl ether group is axial (IX 65) The alteration m the fusion of rings 



C and D results vn the folding of the molecule abouUhe 3 4 bond Thesbape 
IS quite different from that of yohimbine and it is not, therefore, surprising 
that in spite of the apparent chemical similarities between them, yohimbine 
and reserpine have quite different pharmacological properties 
The blocking activity of yohimbine at adrenergic receptors is not very 
marked compared with that of the ergot alkaloids (Table DC 16) Yohimbine 
appears to be more active than corynanthine m antagonizing the effects of 
adrenaline on the blood-pressure (review by Bovcl and Bovet Nitti, 1$48), and 
hydrolysis of the ester group results in a considerable Joss of activity A com 
pound with an unsaturated nng E (IX 66), however, appears to be about one- 



O — C CHiCHi 



Desoxyyohimbol (nn^ 
arranged as m yohim 
bmc). IX.67 


quarter as active as yohimbine (Meli and Francbesmi, 1957), and neither the 
ester group nor the alcoholic hydroxyl group of yohimbine appears to be 
essential, because appreciable activity is also shown by desoxy yohimbol 
(DC 67, Raymond-Hamet, 1943) Kohli, Balwani, Ray, and Dc (1957) found 
that a-yohunbine (rauwolscine) has blocking activity at the adrenergic recep- 
tors of the guinea pig seminal vesicles which is probably comparable with that 
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TABLE IX 16 


Apparent* Association Constants for Dntgs and Adrenergic Receptors in Rabbit 
Aortic Strip and Rabbit Ear 


Antagonist 

Tune of 
exposure to 
antagonist 
(mins ) 

Agonist 

Rabbit aortic 
strip 

Rabbit ear 

‘Ergotoxine’ 

(Ergocormne) 

30 

Adrenaline 

- 

25 X 10« 

Dihydroergotamine 

30 

AdreoaliDe or 
norAdrenaline 

5 X lOT 

- 


60 

Adreoalioe or 
RorAdrenaline 

10* 

— 



Adrenaline or 
/lorAdreoalme 

2 X 10* 

— 

Yohimbine 


Adrenaline 

— 

3 3 X I0« 



Adrenaline or 
RorAdrenalioe 

5 X 10* 


Tolasollne 


Adreoalioe 

- 

33 X 10* 

Phentolanune 


Adrenaltoe 

_ 

5 X 10’ 


1 “ 

Adreoalioe 

33 X 10’ 

— 


* These constants are called ‘apparent* because they were not determined in equilibrium 
conditions 

Results with the rabbit ear were obtained by fleekensteln (1952) and with the rabbit 
aortic strip by Flirchgoit (I95S) 

of yohimbine, although the results of Hesse and Lauger (1931) indicated that 
It IS less active than yohimbine m lowering the blood pressure of the rabbit 
The properties of reserpme are quite different It has no significant abihty 
to block adrenergic receptors (review by Bern, 1956) The fall m blood-pressure 
A KiJfXi ViToe ■itrwtop ■afri4 bft ?iWiA 

chiefly by an action on the mechanism by which catecholamines (and other 
amines, such as 5-hydroxytryptamine) arc stored, though the compound also 
has effects on the central nervous system 

Pbcnoxyetbylamines and Benzodloxans 

The oxytocic action of the compound Gravitol (IX 68) was described by 
Eichholtz (1928) and by Schmidt and Scholl (1928), but the work of Anan and 
Okazuki (for references, see Foumeau and Bovet, 1933) indicated that this 
compound, and compounds related to it, also antagonized some of the effects 
of adrenahne Phenoxyethyldiethylanune itself (F 928, IX 69) could be used 
to block the pressor actions of adrenaline, reveahng the fall m pressure pro- 
duced by the action of adrenahne on p-adrenergic receptors (Levy and Ditz, 
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1934) This compound and the thymyl ether (rP2P, IX 70) also antagonized 
the effects of histamine (Bovet and Staub, 1937, Staub, 1939) and are interest- 
ing because it is from them that the first useful antihistamine drugs were de- 

Me 

() 


O wHi CH, — KEt* 

Clli — CH=:CHa 


Q-o- 


-CHa — CHa — NEtj 


Cravliol, IX 68 


F92S, IX 69 


veloped Fourncau and Bovet (1933) observed that basically subsUtuted 
benzodioxans also antagonized the effects of adrenaline, the compounds F883 
(P/'0J>7npa/, IX 71) and F 933 iPiperoxan,'SX.12) being the most active of the 
compounds studied and more active than F928 (Bovet and Maderni, 1933, 
Bovet and Simon, 1937) Trefouel, Trefouel, and Dunant (1935) have re- 



xo. XX. 

hfe Kfe R- CHjtO • . K “n 

F 929,1X70 ^ 


solved F883 and the (— ) isomer has been found to be more active than the 
(+)*i comparable effects in blocking the pressor actions of adrenahne on the 
cat blood pressure were obtamed tvith a^ut six times as much of the latter 
as of the former (Bovet and Simon, 193^ 

The activity of F 883 and F933 in blocking the « adrenergic receptors is low 
compared with that of the ergot alkaloids, and of much shorter duration The 
compound Dibozane (IX 73), however, isapprcaably more active, particularly 

Dibozane, DC 73 

when tested for abihty to suppress tbc caroUd occlusion reflex rather than for 
ability to antagonize the effects of adrenaline (O’l-eary, 1953) Its effects in 
man are rather variable (Rosenblatt et at , 1954), but the compound has been 
used by Ahlquist and Levy (1959) and by Levy (1959) in order to block 
a adrenergic receptors m expenments on the blood pressure and mtesUne of 
the dog Rapela and Green (1961) have examined its effects in blocking adre- 
nergic receptors in the skeletal muscles of the dog and compared them with 
those produced by Phenoxybemamine and Azapeune (see below) Dibozane 
and Phenoxybenzamim produced effects m comparable doses which were 
about one third, or less, of the dose of Azapetine required The blockade pro- 
duced by Dibozane and Azapetine, however, lasted for a shorter time than that 
produced by Phenoxybenzamme, and with all three drugs the block was much 
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more difficult to surmount with higher doses of antagonist This increase in 
the drug ratio (page 43) with the amount of antagonist suggests that the 
antagonism is non competitive rather than competitive 


Imidazolmes 


The effects of 2 substituted imidazolines on blood vessels were studied by 
Hartmann and Isler (1939) It was found that 2 alkyhmidazolines, in which 
the alkyl group was from 6 to 8 atoms m length (IX 74), and 2 phenyl- 
alkylimidazolines, such as Tolazohne {Prtscol, IX IS), caused vasodilatation 
and a fall m blood pressure The exchange of phenyl for a naphthyl, as in 
Naphazolme {Prmne, IX 76), or p indolyl (IX 77) or the introduction of 
phenolic or methoxy groups in the benzene or naphthalene ring, altered the 
activity from depressor to pressor The most potent of these latter com- 
pounds, Phedracin (IX 78) appeared to have effects on the blood pressure 
intermediate between Neosynephrme ^age 302) and ephedrine m both dura- 
tion and intensity (Elmes and Jefferson, 1942) 



R- C 4 H 1 J — C,H„, IX 74. 
R- PhCHi, Tolascluit, IX 75 


, tfcphasoltru . IX 76, 


R- 



IX 77. 


R 



■CHi — , PAalraatt 
IX 78 



Phentolamme 1X79 


The vasodilatation produced by Tolazohne is accompanied by, and may 
partly be due to a block of a adrenergic receptors Blocking activity is re 
lativcly feeble (Table IX 16) but the block appears to be competitive (Nicker- 
son, 1949, Furchgott, 1955) The related compound Phentolamme (Regitme, 
1X79) is more active Roberts Richardson, and Green (1952) found that 
comparable degrees of block of the a adrenergic receptors of the dog’s hind 
limb were produced by doses of Phentolamme which were only one fifth to 
one seventh of those of Tolazohne, but on the rabbit aortic strip and perfused 
rabbit ear the equipotent molar ratio for Tolazohne relative to Phentolamme 
appears to be about 100 (Tabic IX 16) 'Li\ieTola 2 ohne,ho'f!e\ex,Phentolamme 
does not act only at a adrenergic receptors, it also has some activity at 
cholinergic receptors and directly on the tiKues themselves 


Dibcozazepmcs 

The compound Azapetine {Ihdar, IX 80) the most active adrenergic block 
ing agent of a senes of dibenzazepraes studied by Randall and Smith (1951) 
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a particularly stable complex with the receptors It is not stnctly accurate to 
describe the process as ‘irreversible’ but, as described on page 13, the block 
appears to be consistent with a non-competitivc antagonism (Nickerson, 1949, 
1957, page 371) It seems reasonable to suppose that the iimnium or vinyl 
ammonium compounds alkylatcagrouponthercccptorandthatthiscovalently 
linked product is relatively stable at body temperature Harvey and Nickerson 
(1954) have studied the actions of compounds related to Dlhenanme on sub- 
stances containing sulphydryl, ammo, cajboxyl, and phosphate groups and 
concluded that the action at the receptor was most likely to involve alkylation 
of a sulphydryl group Direct evidence of this might conceivably be obtained 
by expenments similar to those performed with DFP and cholinesterases 
(page 274), but the impossibility of purifying and concentrating adrenergic 
receptors, as one can cholinesterases, would make this a formidable task 
In view of the ability of the compounds to act as alkylating agents, it is not 
suipnsing that they have been found to combine with a wide variety of tissues 
besides the adrenergic receptors They have been shown to block cholinergic 
receptors and histamine receptors (see, for example, Nickerson, 1949, Graham 
and Lewis, 1953, Furchgott, 1955) and their ability to react with tissues 
generally, rather like the ‘nitrogen mustards’, limits their therapeutic value 
What is, perhaps, remarkable is that their effects on the blood pressure are 
pnmanly dependent only upon their actions at a adrenergic receptors 
It IS difEcuIt to obtain quantitative estimates of the relative adrenergic 
blocking activity of compounds acting like Dihenamine Nickerson and Gump 
(1949) and Nickerson and Nomaguctu (1951) used only a qualitative assess 
meot of activity on the blood pressure, the compounds were classified into 
those which were distinctly more active than, roughly equal to, and distinctly 
less active than, Dibencnune Loew and Micctich (1948) compared estimates 
of the doses of the compounds which would protect 50 per cent of a group of 
mice from theeflectsofalargedoscofadrenahne Fellowserc/ (I954)com- 
pared estimates of the 'paralysing doses’ of the compounds, these being the 
amounts which abolished the effects of a standard dose of adrenaline on the 
blood pressure Graham (1947) has made similar comparisons using the 
‘EDso’, this being the dose which antagonizes the effects of a standard dose of 
adrenahne on the blood-pressure of 50 per cent of a group of animals The 
significance of these quantitative estimates may not be very great Fellows 
et al (1954) recorded vanations of 2 fold or more m the paralysing dose, but 
the results should serve to indicate the order of activity of the compounds 
Many compounds are considerably more active than Dibenamme, Phen 
oxyhenzamine {Dibenzylme, IX 82),in particular, ishighlyeffective, both orally 
and intravenously, in doses of about one tenth of those of Dibenamme 
(Nickerson and Nomaguchi, 1951, Fellows et al , 1954) The high potency of 
phcnoxycthyl denvatives is of particular interest in view of the blocking 
activity of the compounds discussed on page 328, but there may be no con 
ncxion between the actions of the two groups of drugs, because there is evi- 
dence (Belleau, 1958, 1959) thatintheformerthe ether oxygen atom interacts 
with a carbon atom in the ethylene imimum nng 
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The effects on activity of substituents on the benzene nng have been re- 
viewed by Belleau (1958), who has suggested that groups which produce + E 
or +I effects will favour activity, provided they do not interfere wth binding 
at the p- and ni-positions of the nng The electron distnbution m these mole- 
cules should be similar to that in adrenaline, m which the m- and p-hydroxyl 
groups should increase the availabihty of electrons in the benzene nng 

Me 

I 

Pb O CHj CH 

V — cHi — cHj — a 

PhCHi 

Phenyoxybtnzambte, IX 82 

Groups which lead to a withdrawal of electrons from the ring should de- 
crease activity This idea is essentially the same as that of NickersonandGump 
(1949), for an electron-withdrawing group should decrease the stability of the 
ethylene iminium ion, whereas electron releasing groups should increase its 
stability Belleau (1959, 1960) has also considered the stenc factors involved in 
the fit of the ton to the receptor and supposes that the ethylene imimum can be 
considered as analogous to the adrenaline ion (Fig IX 14) After the initial 


HO — — CHOH — CH, 
'NH, 


Q-ch. 


■-T/ 

,,CH, 


no IX 14 Comparison of the adrenaline ton with an N henzy/elhyfene tminfum ton 


adsorption at the receptor, alkylation should follow very rapidly, and Belleau 
has suggested that this may involve a carbonate or phosphate group 
Chapman (I960) and Graham and James (1961) have described some com- 
pounds which form ethylene iminium ions m which the aromatic group is 
attached to a carbon atom instead of to nitrogen Some of these, c g 2-bro- 
mo-2 (p-bromphenyI)-cthyIdimcthyIaimne (IX 83, Table IX 17), are very 




CHBt CH, — ^NMe, 


IX 83 


Ij-Jh 


X-CH*-CHN-Me, 
Xi=Br,y = Pii.IX»t. 
X = Ph, Y = Br, IX 85 


highly active, producing effects in doses about one-tenthousandtfa of those of 
Dibenamine and having an affimty for the receptors several times that of 
adrenaline itself The results indicate tbatO 6 nanomoles of the compound can 
block the action of 5 nanomoles of adrenaline It is interesting that 2-bromo- 
1-phenyl-ethyldimethylamine (1X8^ has about the same activity as the 
isomenc 1 bromo-2-phenyl-ethyldimethylainme (1X85), this would be ex- 
pected because both should form the same ethylene immiura ion Chapman 
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table ix.17 

Adrenergic Slocking Properties of 2 phenyl 2 halo-ethylamlnes 




R 

R 

X 

■ 

EDtt (^tnotesfkg) oa rat blood pressure 
for antagonism of 

(— >Adrenaline 
(S nmoles/kg) * 

(— I-wrAdrenalme 
(3 nmoles/kg)* 

Me 

Me 

a 


0 046 

01 

Me 

Me 

Br 


0 035 

0 056 

Me 

Me 

1 

Ifll 

0022 

0 015 

El 

Et 

Br 

H 

5 

1 

n Pr 

n-Pr 

Br 

H 

1 

13 

fwPr 

tsoPt 

Br 

H 

30 

22 

aUyl 

allyl 

Br 

H 

0 03 

0 03 

Me 

H 

Br 

H 

06 

05 

Et 

H 

Br 

H 

100 

80 

aPr 

H 

Br 

H 

250 

250 

Pipendino 

Bt 

H 

15 

14 

Pyiroliduio 

Br 

K 

0 05 

0 03 

Me 

Me 

Br 

p-Br 

0-0006 

00002 

Me 

Me 

Br 

P-Me 

00003 

00007 

Slbenamlne 



77 

10 

Pkenoxybenzorrune 


028 

055 

MeaNCHPh CHjBr (IX 84) 

004 

0 05 


• 1 nmole = 10 ’/imole 


ED|o The dose preventing the response to adrenaline is 50 per cest of the animals 
(tested when the block appeared to ^ at its peak) The antagonism of adrenaline and 
noradrenaline should be the same if the eapcnments are assessing only activity at a 
adrenergic receptors Although the doses of adrenaline and nomdrenaline are different the 
responses should be aimdas and anyway the block appears to be non-competitive 
Crafiam and James (/9$/) 

(1960) has suggested that with these compounds, as with compounds related 
to Dtbenamlne it is the carbonium part of the ethylene immium ion which be 
comes attached to the receptor, rather than the nitrogen atom (Fig IX 15) 
It might be supposed that substitution of a bromine atom m the p position 
would increase the stabibty of the carbonium ion, whereas substitution of a 
methoxyl group m this position would decrease the stability The phannaco 
logical activities of these compounds however, are not very different which 
suggests that stenc factors must also be considered 
In contrast to compounds related to Dibenamme, these compounds pro 
duce effects which are rapid in onset and of relatively short duration Graham 
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and James (1961) considered that the antagomsm was probably non competi* 
tive because it was unsurmountable, i e could not be reversed by increasing 
the dose of adrenaline or noradrenaline The shortness of the block, compared 
with that produced by Dibenamme, could well be due to the difference m the 


Ph— CHi— PhCHi— N— CKi 
Oil 

+ 1 

R* R 

Fio IX 15 Attack on an a adrenergic receptor by an ethylene tminium Ion 


stabilities of the products formed by alkylation of the receptor With Diben- 
amine the receptor should become combined with a dialkylammoethyl group, 
whereas with the latter compounds it is probably combined with a 2 dimethyl 
ammo 1 aryl group (Fig IX 16), which might be expected to be broken down 
much more easily 



no IX 16 Attack on an a adrenergic receptor by an ethylene iminium ton formed 
from 2 bromo 2 phenylethyldtmethybumne 


Nature and Function of Adrenergic Receptors 

The consideration of the relationships between chemical structure and ability 
to block adrenergic receptors does not yield as much information about the 
nature or function of the receptors as might have been hoped Nothing further 
can be added to what has already been deduced about ^ receptors (page 318) 
The blocking activity olPhentolamine at « adrenergic receptors is consistent 
with the picture shown m Fig DC 9, but the compounds with the greatest 
blocking activity at a receptors are the ergot alkaloids espeaally dihydro- 
ergokrystme and dihydroergokryptine, and denvatives of 2 bromo 2 phenyl 
ethyldimethylamine How the ergot alkaloids become attached at the a adre* 
nergic receptors is rather obscure The only basic group m the molecule is that 
of the tetrahydropyndinc or pipcndioe nitrogen atom m the lysergic acid or 
dihydrolysergic acid part of the molecule The pKo of this is different m the 
various derivatives, but is usually about 7 (6 8 for ergometnne, 7 3 for ergo- 
metrimne, 7 8 for lysergic acid, and 8 4 for ftolysergic acid at 24®, Craig 
Shedlovsky, Gould, and Jacobs, 1938) Possibly the benzene nng of the mole 
cule is adsorbed at the receptor with this basic group (as a cation) in place of 
the ammomum group of adrenaline and the “NH“ group of the indole nng 
in place of the m phenolic group, but the major attachment of the molecule 
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seems likely to involve the polypetide side<hain and consequently to occur 
at points on the receptor surface remote from the receptor groups which form 
the points of attachment of adrenaline and rmradrcnaline 
Tn the alkylation of a-adrenergic receptors by compounds such as the 
N-benzyl-N-phcnoxycthyl-ethylcne immium ion (formed from Phenoxybenz 
amine) or the N N-dimefhyl'2-phcnyl-ethylene iimnium ion (formed from 
2-bromo-2-phenylethyIdiracthylamine), the attack, as already mentioned, 
appears to involve the carbonium ion rather than the nitrogen atom Belleau 
(1958, 1959) has emphasized the importance of the distance between this carb- 
onium ion and the benzene nog and the value of substituents in the m- or 
/>-posttions His conclusions about the relationships between chemical struc- 
ture and blocking activity of this type are again consistent with the picture of 
the receptor in Fig IX 9, but do not yield any further information about the 
nature of the receptor groups or their relative positions It should, in fact, be 
pointed out that the results of Harvey and Nickerson (1954) led them to con- 
clude that alkylation involved a sulphydryl group, whereas it is usually 
assumed that the ammonium group of adrenaline or noradrenaline is bound to 
a carboxyl or phosphate group (or some other aniomc group) 

The action of adrenahne and noradrenaline in increasing oxidative phos- 
phorylation by catalysing the breakdown of adenosine triphosphate to cyclic 
adenosine monophosphate (page 283) has been supposed by Belleau (I960) 
to involve the formation of a complex formed by an adrenaline molecule, an 
adenosine tnphosphate molecule, and a divalent metal ion The divalent metal 
ton 1 $ considered to form a chelate complex involving the two phenolic groups 
of adrenaline and the second and third phosphate groups of adenosine tn- 
phosphate, the cationic ammomum group m adrenahne being attracted to the 
first phosphate group Although the oxidation of adrenaline to adrenochrome 
IS catalysed by metal ions (adrenaline solutions contaimng ethylene dtamme 
tetraacetic acid can be kept for long penods). the complex with adenosine 
tnphosphate, as postulated by Belleau, does not involve the hydroxyl group at 
all Tlie reaction, nevertheless, appears to be stercospecific, about 20 mole- 
cules of (-f ) adrenahne being needed to produce the effects of 1 molecule of 
(— )-adren3line (Sutherland and Rail, I960), so unless the hydroxyl group is 
involved in the hnk to the protein, this picture may have to be modified Its 
bearing on the physiological actions of adrenahne, other than in stimulating 
glycolysis, is questionable, because, as has already been pomted out (page 
288), although increased breakdown of adenosine tnphosphate might con- 
ceivably stabilize the smooth muscle membrane and depress excitability, it is 
difficult to see why exactly the same process should increase the excitability 
of other tissues, such as heart muscle Although the occurrence of catechol- 
amines and adenosine tnphosphate together in the granules (page 283) sug- 
gests that the actions of the former may involve the latter, it cannot be regarded 
as evidence that this is necessarily so The basic substance histamine is stored 
in Mast cells along with the aadic substance hepann (see page 345), but there 
IS no suggestion that the actions of these compounds are linked together 
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EfTects Produced by Blocking the Destruction of Adrenaline and Noradrenaline : 
As has already been mentioned (page 285), the inactivation of the sympathetic 
transmitter is more complicated than that of acetylcholine It appears to 
involve mostly 0-methyI transferases, but inactivation by oxidation may also 
occur to a smaller extent Work on the isolation and properties of cate- 
chol-O-methyl transferases is still only in its preliminary stages It appears 
that these enzymes are inhibited by pyrogallol and, as long ago as 1936, Bacq 
observed that this substance potentiated the effects of adrenaline both m 
causing contracture of the cat’s nictitating membrane and in producing in- 
hibitory responses, such as relaxation of the cat’s uterus The doses were very 
high, however, and so far no compounds have been produced which can be 
regarded as imitating the actions of adrenaline and noradrenaline by blocking 
their destruction by 0-methyl transferases 
There is more information about amine oxidases (reviews by Blaschko, 
1952, Davison, 1958, Zeller, 1951, I960,) but even these have not been studied 
as extensively as the cholinesterases At least two families of enzymes can be 
distinguished, monoamine oxidases and diamine oxidases The former only 
oxidue polymethylenediamines (IX 8Q in which there is a considerable dis- 
tance between the two ammo groups, as m the deca- 
methylene to hexadecamethylene compounds, HiN-(CHj)„“NH8 
diamine oxidases only oxidize these long chain com- IX 86, 

pounds very slowly and are most active m oxidizing » - 4, Putreseme, IX 87, 
those wth a short disunce between the amino ” “ Cadavenne, K 88 
groups, as m putreseme and cadavenne (IX 87 and 
88, Blaschko and Hawkins, 1950) Most monoamine oxidases appear to be 
insoluble, being bound to the mitochondria of the cell wall They do not 
appear to contain prosthetic groups or to require coenzymes A soluble 
amine oxidase obtained from pca-seedlings has been obtained in a highly puri- 
fied state by Mann (1961), but this resembles a diamine oxidase rather than 
monoamine oxidase in that it is inhibited by semicarbazide or cyanide ions, 
and also by chelating agents (Hill and Mann, 1962) A naturally occurring 
soluble form of monoamine oxidase has also been described by Weissbach, 
Redfield, and Udcnfriend (1957), and though it appears, from its substrate 
specificity to be a true monoamine oxidase, m the guinea-pig liver it is neither 
as plentiful nor as easily obtained as the insoluble enzyme associated with it 
The ‘insoluble’ enzyme can, however, be freed from the mitochondria and ob- 
tained in solution Blaschko (1952) has described the use of the enzyme 
lysolecithinase to digest the mitochondria and leave the amine oxidase in 
‘solution’, but it appears that this is not a true solution and that the enzyme is 
still associated with insoluble material, though the size of the particles is very 
small Cotzias, Serlin, and Greenough (1954) have described a method of 
separating the enzyme from the mitochondna by the addition of a suitable 
detergent and Zeller et al (1958) have desenbed a method m which the separa- 
tion IS achieved by ultra-sonic vibration All these procedures, however, are 
much more complicated than the use of suspensions of washed mitochondria 
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and most of the studies of the substrate specificity of the enzymes and the 
effects of inhibitors have beenperfonned with crude preparations of this type 
In these circumstances, the results may be compheated by the uptake of oxygen 
by the products of the oxidation of the amine and it may be necessary to 
Ignore results which have been obtained over a long period of time and to add 
substances, such as cyanide ions, which stop further oxidation of the com- 
pounds beyond the aldehyde stage 

Unlike the adrenergic receptors, amine oxidases are not particularly stereo- 
specific Blaschko, Bhchter, and Schlossman (1937) observed that enzyme 
preparations from guinea-pig liver oxidixed (— )'adrenaline at about twice the 
rate of (-}-)-adrenalme and similar results indicating only moderate stereo- 
specificity have been obtained by Pratesi and Blaschko (1959) The expen- 
ments also revealed differences between the activities of enzyme preparations 
made from different sources With rabbit liver preparations R- and S-p hydr- 
oxyphenylclhylamine (IX 33) were oxidized at the same rate and (±)- and 
S-Sympatol (K 22) were both oxidized at about half this rate With prepara- 
tions from guinea pig liver (±)' and S-Sympatol and (— )- and (-f )- Meta- 
sympatol (DC 14) were all oxidized at about the same rate, the R-isomer of 
p-hydroxyphenylethylamme more slowly, and the S-isomer more slowly still 

Some idea of the substrate specifiaty of ammeoxidases can be obtained 
from Table DC 18 There is a considerable difference between the results ob- 


TABLE tX 18 

Substrate Speelficlty of AmineoxUases of Guinea pig and Cat Lher 



The substrate concentration was 12 niM m all erpenments and cyanide tons were present 
to inhibit oxidauon of ihe amine beyond the aldehyde 
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tamed with gumea-pig liver and with cat liver, but there is agreement enough 
to indicate that the active centres of the enzymes are much less specific than 
the adrenergic receptors m the tissues The omdation appears to depend upon 
two features, the amino group and the 3- or 4-phenohc group With the en- 
zyme from rabbit liver the results of AUcs and Heegaard (1943) and of 
I^tesi and Blaschko (1959) indicate that even the latter is unnecessary, 
p phenylethylamme being oxidized mote rapidly than tyranune It must be 
remembered, however, that changes m the rate of oxidation can be brought 
about by changes in the rate constant for the breakdown of the enzyme-sub- 
strate complex, as well as by changes m the Michaehs-Menten constant 
Blaschko and Pratcsi found that the enzymes of gumea-pig liver actually had a 
higher affimty for p-phenyleihylamine than for tyramine, even though the 
latter has oxidized more rapidly The presence of a p-hydroxyl group, as m 
adrenaline, appears to lower the rate of oxidation These results are all con- 
sistent with the low degree of stereospecificity which has already been com- 
mented on 

The introduction of methyl group o- to the amino group makes the com- 
pounds resistant to the actions of amine oxidases, but they retain affinity for 
the enzymes and act as inhibitors The inhibitory effects of ephednne were 
observed by Blaschko, Richter, and Schlossman (1937), and Mann and 
Quastel (1940) have shown that the inhibition appears to be a reversible com- 
petition For amine oxidase of guinea-pig liver the Michaehs-Mcnten con- 
stant of tyramine appears to be I 8 X 10^ M (Blaschko, Richter, and Schloss- 
man, 1937, results obtained by Barlow, 1961, give a value of approximately 
1 2 X 10^ M) and the inhibitor constant for (— )-ephednne is 5 7 x 10“® M 
The (— ) isomer of ephednne is a shghtly more potent inhibitor than the 
(4-) isomer, but there is not much difference, and (+)*^*ephednne appears to 
have comparable activity (Blaschko, 1938) Compounds without the p-alcoho- 
hc group are more potent, Mann and Quastel (1940) found the inhibitor con- 
stantfor Amphctamineandthecn2ymcfromguinea-pighvertobe4 x 10 “^m 
W ith preparations from rabbit liver, the inhibitory activity of the two isomers 
of Amphetamine is the same (Pratcsi and Blaschko, 1959), but with prepara- 
tions from guinea pig liver the (-f-) isomer is slightly more active than the 
(— ^-isomer Tlu ^crf^y^a£^ce f-p&coyArfAyifanirae ^89) 
appears to have activity comparable with that of Araphet- t"* 
amine (Grana and Lilia, 1959) The resistance of these ph-CH-CH 
a-methyl compounds to oxidation, although they have a 39 

high affinity for the enzyme, has been taken to indicate that 
one hydrogen attached to the « carbon atom of the substrate must come into 
close contact with the enzyme and that a second hydrogen atom is involved 
m the dehydrogenation the presence of a methyl group would prevent this 
(Zeller, I960) The presence of a methyl group on the p carbon atom does 
not confer resistance to oxidation (Beyer and Morrison, 1945) 

More potent inhibitors of amine oxidase have been developed Zeller et al 
(1952) found that N-iiopropyl-N-womcotinylhydrazme (fpromazid, Marsilid, 
IX 90) produced 77 per cent inhibition of the oxidation of tyramine 
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(5 X 10*2 m) by mitochondria from rat Uvcr in a concentration as low as 
4 X 10-5 The inhibition, however, is not competitive (Zeller, Barsky, and 
Berman, 1955, Davison, 1957) The inhibitor appears to react with the en- 



CO — NH MlH9Pr 


Iproniazid, IX 90 


zyrac to form a stable complex which is not broken up by dialysis This re- 
action takes time (around 6 to 12 minutes), but must occur at the active centre 
because the presence of tyramine prevents the action of the inhibitor The 
process can be regarded as non competitive and the piso for rat hver mito- 
chondria IS 4 9 Many hydrazides have similar properties and are more active 
The pIso for uopropyl hydrazine itself is 5 8, and for 2 phenyl£fopropyl 
hydrazine (P/ieniprazine, Catron, 1X91, Honta, 1958) the value is greater 
than 6 

Me 

Ph-CH, (!h NH NHi 
1X91 


The most active compounds so far known arc the cis and trans forms of 
2 phcnylcyc/opropylamine (IX 92 and 93) Sarkar et al (1960) using beef liver 
mitochondna obtained estimates of the plw of around 7 2 for the trans com 
pound {Tran}lc}pronMe) and slightly less for the cis compound, whereas 
for l-phcnylc;c/opropylammethevalueswcre5 1 and CK/opropylamine itself 
was only feebly active (Zeller, 1960) 



1X^2 Tranylcypromine, IX 93 


Although these cyrtepropyl denvatives and hydrazides are very much more 
active than epbedrme and Amphetamine as inhibitors of amine oxidases, they 
do not produce the same sympalhomimclic effects as these compounds and it 
IS now, therefore, quite clear that ephednoe and Amphetamine do not act by 
preventing the destruction of adrenahne and/or noradrenahne 


Drugs which Act at Sympathetic Ner\e Endmgs 

The action of cocaine in potentiating the effects of some compounds, such as 
adrenaline,and decreasing thceffectsorothersjsuch as tyraminefTablcK 9), 
has long been a mystery Bum and Robmson (1952) suggested that this might 
be due to an inhibition of amine oxidase Although Philpot (1940) demon 
strated that cocaine inhibited the in ntro oxidation of tyramine by prepara- 
tions of rat and guinea pig liver, high concentrations (lO-i to 10-2 jj) were 
needed, and it is now clear that some other explanation is necessary because 
destruction by amine oxidase is not pnmanly responsible for terminating the 
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actions of adrenaline Axelrod (1960), for example, has found that cocaine 
had no effect on the rates of disappearance of isotopically labelled adrenaline 
and noradrenaline from mice 

The evidence that noradrenaline is stored at the nerve-endings indicates 
another site where substances could act Macmillan (1959) has suggested that 
cocaine acts on these stores, blocking the release of noradrenaline from them 
and the uptake of noradrenaline into them Blockage of the uptake of nor- 
adrenaline would potentiate the effects of noradrenaline because it is con- 
sidered that the rapid return of noradrenaline to the store is normally respon- 
sible to a considerable extent for limiting its actions The actions of tyramine 
are presumably antagonized because these depend upon the release of nor- 
adrenahne from the stores It certainly appears that compounds like tyramine, 
which do not produce sympathomimetic effects in animals treated with re- 
serpine, will produce effects after an infusion of noradrenaline and that these 
effects are antagomzed by cocaine either in the normal animal or in that 
treated with reserpine followed by an infusion of noradrenaline (Farrant, 
1960) This explanation, however, suggests that the actions of all substances 
which are potentiated by cocaine are limited by uptake at sites of storage The 
expenraents of Burn and Rand (1960) indicate that the stores at the nerve- 
endings do not contain adrenaline, but n is possible that compounds other 
than noradrenaline are taken up at other ‘sites of loss’ (Vane, 1961) and that 
this process is also blocked by cocaine 
Recently compounds have been discovered which interfere with the release 
of the sympathetic transmitter (reviews by Bam, 1960, and Bern, 1960) The 
first of these, choIine-2 6-xyIyl ether (IX 94), was an addition to the group of 


Ms 



1X94 flreli'/wm, 1X95 

phenyl ethers of choline originally studied by Hey (1952) and discussed m 
Cftaprers V and IT IC was Rmcid ft? prvn/ow a pmhaged fall ca blood-pKS- 
sure, but was shown apparently to have local anaesthetic properties (Hey and 
Willey, 1953, 1954) Exley (1957) found that, in fact, the compound does not 
block conduction in nerve trunks and has no action on parasympathetic con- 
nexions (apart from a transitory blockade of ganglia) Its actions appeared, 
therefore, to be exclusively at the ^mpathetic nerve endings where it inter- 
fered with the release of transmitter, this can easily be shown with the 
Finkleman preparation (page 292) in which the response of the gut to sym- 
pathetic stimulation is blocked although the responses to adrenaline are 
unaffected Other compounds with this type of action have been described 
(Boura, Copp, and Green, 1959, Boura et al , 1960) of which BretyUum 
(IX 95) and BW 172 C 58 (IX 96) are particularly active Studies with iso- 
topically labelled Bretyhum show that this compound is actually selectively 
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taken up by sympathetic ganglia and postganglionic s)Tnpathetic nerve- 

trunks 

Somewhat similar results have been obtained with the substance Cuaneih- 
/dine (DC 97, Maxwell, Mill, and Plummer, 1959, Maxwell e/ a/, 1960) which 


o /"• 
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was developed from the less active Su'4029 (DC 98 , Maxwell, Ross, and Plum- 
mer, 1958) The effects are those of sympathetic blockade although the re- 
ceptors are still sensitive to noradrenaline and adrenaline These compounds, 
therefore, like Bretyhion, can be regarded as producing a pharmacological 
sympathectomy and, as is observed with sympathectomy, the sensitivity to 
added noradrenaline and adrenaline tends to increase when the block has been 
established for some time 
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These compounds have been used clinically for lowenng the blood pressure 
m patients As they prevent the release of the transmitter they might be very 
effective when the cause of the raised blood pressure is a high sympathetic 
tone GMflner/»d;ne,formstance,iSVcryeffectivemlowenngtheblood pressure 
of dogs in which it has been raised by interference with the mrculation to the 
kidney, whereas it has no effect on normal animals The exact therapeutic 
value of these compounds has yet to be assessed, but results with BretyUum 
have not been as satisfactory as might have been expected 


C NOH 
N CH, CH, cf^ 

V 
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How these compounds act at tbe nervc-endmgs is not clear Bum (1961) has 
suggested that the release of transmitter actually involved a cholinergic 
mechanism, that acetylcholine is released first and that this causes the release 
of noradrenaline from the stores Snbstances like BretyUum are considered to 
prevent this action of acetylchobne There is no direct evidence for this 
Thompson (1960) and Gardiner and Thompson (1961) have failed to find 
evidence m sympathetic nervc-cndings of acetylcholine or acetylcholin- 
esterases, but this cannot be taken as positive evidence agamst the hypothesis, 
even though it suggests that it is not very likely 
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In addition to actions on the adrenergic receptors and on storage mechan* 
isms, compounds may effect blood*pressure by actions at sites such as the 
sympathetic ganglia (already discussed), at sensory nerve-endings (producing 
reflex effects), in the central nervous system or directly on the vessels them- 
selves Some compounds which have been used m the treatment of high blood- 
pressure, m fact, appear to act directly on the blood-vessels and/or on the 
central nervous system Hydrazinophthalazine {HydraUazine, Apresolme, 
1X99, and Gross, Drucy, and Meier, 1950, Freis and Finnerty, 1950) and 
1 4-dihydra2inophthala2ine (IX 100), for example, produce a long lasting 


OQ 

HN NH 

HydraUaime. IX 99 IX 100 

fall in blood-pressure by an action which may partly be central (Moyer, 
Huggins, and Handley, 1953), but is predominantly peripheral (Ablad, 1959) 
Hydrazinophthalazine has virtually no blocbng activity at adrenergic recep- 
tors (Tnpod and Meier, 1954), and although a powerful inhibitor of amine 
oxidases, this action appears to be unrelated to its effects on blood-pressure 
(Gross, Schuler, Tnpod, and Meier, 1952, Schuler and Wyss, 1960) 

The action of reserpme is also extremely complicated, involving central 
effects as well as actions on the storage of catecholamines and 5-hydr- 
oxytryptamine (see, for instance, Robson and Stacey, 1962), it has, however, 
little blocicing activity at adrenergic receptore (Tnpod and Meier, 1954) 

Conclusion 

It IS possible to distinguish between two mam types of adrenergic receptors 
and from the relationships between chemical structure and pharmacological 
activity to conjecture how the binding groups may be arranged within the 
receptor These pictures of the receptors, however, are even more hypothetical 
than those of acetylcholine receptors This is partly because there is much less 
satisfactory information from antagonists at adrenergic receptors than at 
acetylcholine receptors There is (as yet) no class of compounds which poten- 
tiates the actions of the sympathetic transmitter by preventing their destruc- 
tion, but there are compounds which appear to mimic the actions of nor- 
adrenaline by causing its release from stores There are also substances which 
block the release of sympathetic transmitters and others which appear to pre- 
vent their uptake by the stores 
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Direct Actions on Tissues: 
Drugs affecting Histamine Receptors 


Introduction - Occurrence of histafune - Actions of histamine - Release of 
histamine from tissues - Uses of histamine and antagonists of histamine - Tests for 
histamme-like and antihistamine activity 
AGONISTS Compounds related to histamine - Effects on activity of altering the 
imidazole nag - Relationships bctni-een stnictute and histamine like activity 
ANTAGONISTS Introduction -Substituted ethylene diamines-DialkylamiDoalkyl 
ethers - Phenothiaane denvatives - Piperazines - Arafluorene denvatives - Pro- 
pylamines and related compounds 

Evidence for competitive antagonism - Relationships between chemical structure 
and antihistamine activity - Differences between results observed m viro and those 
observed on isolated preparations - Conclusion 


Introduction 

The sites so far considered have all been part of the peripheral nervous con* 
ncuons of the body From the therapeutic point of view, drugs acting at these 
sites are relatively unimportant compared with those affecting the central 
nervous system or acting directly on various organs in the body, or on para* 
sites in the body which produce disease The sites in the penphtral nervous 
system, however, have been chosen for this introduction to chemical phar- 
macology because of their relative simplicity 

When the actions of drugs directly on tissues are considered, it is found 
that some of these are very speaalized Some compounds, such as certam 
sex hormones, act only on particular organs and are usually regarded as a 
problem in biochemistry Other compounds, however, are much less speci- 
alized in their actions and substances which act like, or antagonize the actions 
of, histamine have been selected as examples of drugs acting directly on 
smooth muscle-cells 

Drugs can modify the actions of cells in a great variety of ways Local 
anaesthetics, for example, will suppress the action-potential in a muscle-fibrc, 
just as they do in a nerve-fibre, although the muscle-fibre is usually much less 
sensitive and higher concentrations of the drug arc needed to produce an 
effect The actions of histamine, bowerer, appear to involve only a small 
part of the cell surface (page 4) and to occur at receptors on the cell, but 
these histamine receptors can be shown to be quite different from those 
affected by acetylcholine (sec Chapter VII) Substances are known which will 
block the actions of histamine without affecting the actions of acetylcholine 
and it seems likely that there are, in fact, many different mechanisms and 
different receptors by which drugs can affect muscles or organs 
344 
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Occurrence of Histamine 

Histamine ^vas synthesized by Wmdaus and Vogt (J907), because of its 
resemblance to the natural product pilocarpine (page 206) and the ammo- 
acid histidine It was subsequently shown to be produced from histidine by 
bactcnal decomposition (Ackermann, 1910) and to occur m ergot (Barger and 
Dale, 1910) 

In man, and in all mammals, histamine is stored along with heparin m 
‘mast’ cells (review by Riley, 1960) These are cells which are distinguished 
by their high content of granules, and these were originally thought to be 
composed of nutnment, hence the name ‘mast’, indicating fodder These 
granules, however, appear actually to be composed of histamine, which is 
basic, associated with hepann, which is acidic, and have a very high affinity 
for basic dyes, presumably because the histamine is displaced by the basic 
dye Mast cells are found throughout the connective tissue, particularly m 
the skin and in the capsular membranes surrounding organs, where they he 
close to the small artenoles and capillanes In the blood the basophil leuco- 
cytes (white cells) may be regarded as mast cells, in addition, histamine is 
present in platelets In the platelets the histamine appears to be associated 


-CHiCHNH, 
Hi t COOH 



MeN^N 

4-(l-methylimidazolj'l) 
acetic aad 


HN^N 

4 iintdazolylacetaldehyde 

I 


A-imidazolylacctic acid 


Fio xl Formation and metabolism of histamine after the administration of a 
dose of isotopically labelled histamine to man the following proportions of labelled 
material were obtained from the unne histamine, 2-3 per cent methylimidazolyl 
acetic acid {A), 42-41 per cent imidazolylacetic acid {B) 9~\\ per cent I nbosyl 
imidazolA-acetic acid \6-23 per cent (Sehayer, i959') 
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with adenosine triphosphate and diphosphate instead of wth heparin The 
histamine found in the mast cells is formed in the body and is not obtained 
by absorption from the diet If histamine is given by mouth, the small 
amount which is absorbed from the gut is excreted in the urine, some un 
changed, but the greater part as iraidazolylacetic acid This could be formed 
by oxidative deamination of histamine by diamine oxidases, but it appears 
that m man the histamine is first methylated before oxidation (Fig XI, 
Schayer, 1956, 1959. 1960) 

Actions of Histamine 

Amounts of histamine of the same order as those found in the tissues can 
produce the following effects 

1 Contraction of smooth muscle, such as that of the gut, bronchial 
tree, and uterus, this will lead, for example, to restriction of the passage of 
air into and out of the lungs 

2 Relaxation of the smooth muscle of the arterioles and consequent 
dilatation, this will lead to a fall m blood-pressure 

3 Increased permeability of the walls of the capillaries so that more of 
the constituents of the plasma can escape into the tissue spaces, this will 
lead to oedema 

4 Increased secretion by many glands, such as the acid secreting glands 
of the stomach, the mucus secreting ^ands of the respiratory passages, 
and the tear glands 

Release of Histanunc from Tissues 

Histamine may be released from the stores in the body when it is subjected 
to various kinds of maltreatment, such as mechanical damage or burning 
It may be physiologically active m removing the products of cell damage m 
the ordinary hazards of existence and, indeed, mast cells are particularly 
numerous in the skin of those parts of the body most 
liable to minor trauma, e g feet, snout, and ears Hist 
amine may also be liberated by drugs (review by Paton, 
1957), one of the most effective being the substance 
48180 (X I) The most serious and most common 
circumstance in which histamine is liberated is in allergic 
conditions, such as the urticarial rashes of the skin the 
nasal distress of bay fever, the respiratory distress of 
asthma, and the general fall in blood pressure and 
severe constnction of the bronchi in anaphylactic shock 
Tissues become hypersensitive (allergic) when antibody 
becomes fixed on the cells Antibody is the term given to 
specific substances (y globulin, and, in some cases, p globulins) produced by 
lymphoid tissue when foreign proteins (antigens) enter the body Substances 
which are not proteins (haptens) can also lead to the formauon of antibody 
by combimng with body proteins to produce a complex which the lymphoid 


p NHMc -I 



L Me Jm 

48180, mixture of di , 
tri and tetramer, 
XI 
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tissue treats as if it were a foreign protein The lymphoid tissue forms anti- 
body specifically to fit the template provided by the antigenic foreign protein 
(Fig X 2), and the production of antibodies is a very important part of the 
defence mechanism against invading micro-organisms In the case of a 
bacterial infection, antibodies are produced against the toxic metabolic 
products of the bactena (the bactenal toxins) and against the proteins of the 
bacterial cell These antibody globulin molecules have two sites which have 
a configuration such that they will fit, and combine specifically with, the 
particular antigen which caused their production They therefore unite with 
the toxin and remove its toxic properties by incorporating it m an aggregate 
(Fig X 2), which IS then taken up and degraded by phagocytic cells Anti- 
bodies to the proteins of the bactenal cell wall combine with it and cause a 
disorganization of the organism so that it does not reproduce and is more 
easily engulfed and destroyed by phago^tes 




b 


a Formaiton of antibodies 
b Combination of antibodies ivith antigen 
Note Antisen may be potyialent antibodies are dnalent 


Unfortunately any foreign protein, not only those which are harmful, will 
cause production of antibodies Very large amounts of antibody may, there 
fore, be formed when dust, mould spores, pollen, or animal scurf enters 
through the nasal passages, lungs, or even via the eye, and also when un 
denatured food enters through the gut wall, should this be abnormally 
permeable 

Antibodies are freed from the lymphoid tissue into the blood stream, but a 
proportion quite quickly becomes adsorbed on, and may be incorporated in, 
the surface of cells It is not certam whether this adsorption is on all cells 
or only on certam types, but it is known that areas of inflammation take up 
more than normal tissues If the tissue is sensitized, i e if sufficient antibody 
IS attached to the cells, a further exposure to antigen and the consequent 
combination of antibody with antigen, appears to activate enzymes which 
lead to the release of histamine and other pharmacologically active agents 
An allergic reaction will not take place if so much antibody is produced that 
combination with antigen occurs in the blood stream or only involves a small 
proportion of the tissues, or if antibodies of a different type are produced 
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which combine with antigen, but are believed not to be fixed on tissues It 
will also fail to occur if only small amounts of antibody have been produced, 
as would happen if the antigen were poorly absorbed into the body or was 
rapidly broken down 

Uses of Histamine and Antagonists of Histammc 

Histamine is given subcutaneously in man when it is necessary to test the 
ability of the stomach to produce hydrochloric acid As this action is not 
antagomzed by antihistamine drugs, whereas the other actions of histamine 
are, one of these drugs is administered simultaneously to counteract the un- 
pleasant vasodilatation, headache, and fall in blood-pressure which would 
otherwise occur Histamine has also been used in the diagnosis of phaeochro 
macytoma, a tumour of the adrenal medulla It causes the hberation of nor- 
adrenaline and adrenaline from the tumour and consequently the blood- 
pressure rises instead of falhng, as it would in a normal subject 

Substances which antagonize the actions of histamine are used to suppress 
the symptoms produced by the release of histamine m allergic conditions 
They may be very effective m the treatment of skin rashes or hay fever and m 
anaphylactic shock, but are not particularly effective m the treatment of 
asthma The reason for this may be that in this condition other substances 
which cause constriction of the bronchi are released besides histamine 

Tests for Histamtoe-hkc and AntHustaouRe Acfmty 
As histamine causes contraction of most smooth muscle, the actions of 
histamine-Iike compounds and of antihistamiDes may readily be studied on 
the isolated guinea pig ileum (page 144) or on the guinea pig uterus As it 
causes a dilatation of blood-vessels, the elTecls may be tested in the anaesthe 
lized or spinal cat (page 191), the fall m blood pressure indicating an action 
like histamine To prevent effects at acetylcholine receptors, which would 
also produce a contraction of the guinea pig ileum or uterus, or a fall m 
blood pressure, it may be necessary to perform these experiments m the 
presence of atropine 

To study the effects on bronchial tissue, perfused lung preparations may 
be used (page 291), or the substance may be tested for its ability to produce, 
or prevent, bronchospasm m intact guinea pigs The substance causing spasm 
IS administered as a spray and the protection conferred by a particular dose of 
antihistamine (mjected prior to exposure) can be estimated by companng the 
duration of exposure which causes an animal to collapse from anoxia after 
treatment with the antihistamine, with the duration m the same animal before 
treatment 

Effects on the permeability of cells, particularly those m the skin, may be 
studied by injecting a suitable dye (such as Coomassie Blue) which will 
penetrate and stam those tissues whose permeability has been increased by 
histamine In man there is no need to use a dye, compounds may be tested 
for their ability to produce a weal and flare (see, for example, Bain 1951) 

Effects on acid gastric secretion may be studied m anaesthetized animals 
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m which the stomach is perfused, or m conscious man by means of a stomach 
tube 

With all these preparations the activity of an antagonist could be expressed 
as the affinity constant, if it acts competitively, and the activity of an agonist 
as an equipotent molar ratio relative to histamine In order to obtain an indi- 
cation of the ability of a compound to control allergic symptoms, matenal 
from sensitized animals may be used and the contractions (or vasodilatation) 
produced by addition of antigen instead of by addition of histamine 

AGONISTS 

Compounds Related to Histamine 

Histamine is by far the most active of the 4 (ammoalkyl)imidazoles Pyman 
(1911) made the ammomethyl and 3 amino-n-butyl compounds (X 2 and 3) 
and quotes the otherwise unpublished observations of Laidlaw that these 
are only feebly active Akabori and Kaneko (1936) found that the 3 amino- 
n-propyl compound (X 4) was quite active, but not as potent as histamine 

HN^N 

R«— CH»NH„X2, 

« — CH,CH,CHMeNH,. X 3, 

» — CH,CH,CH,NH„ X 4, 

= — (CH,),NH„X5, 

= — CH,CHMeHN„ X 6, 

= — CHOHCH.NH, X7 

and that the 4 ammo-n-butyl compound (X 5) was virtually inactive The 
a*methyl derivative, 4-(2 amino-n propyl)imidazole (X 6) was studied by 
Allcs, Wisegarvcr, and Shull (1943) and, although it is not oxidized by 
diamme oxidases, it is not a particularly potent substance The equipotent 
molar ratio relative to histamine was 100 on the dog blood pressure, 100 to 
300 on guinea-pig intestine, and 200 for effects when injected intradermally 
m man The hydroxy compound, 4-(2 amino-l-hydroxyethyl)iniidazole 
(X 7), was prepared by Pyman (1916), who quotes the otherwise unpublished 
report of Dale that this compound, though active, is less potent than hist- 
amine 

Me r j CHi CHR NHj Me 1 ^ — GHj 'CHR NHj 

R = H.X8, R = H.X9, 

R = Me,X10 R = Me.Xll 

The 4- or 5-methyl derivative (4-methyl-5'aminoethylimida2ole, X 8, or 
5-methyl-4-ammoethylimidarole, X 9), with the methyl group adjacent to the 
ammoethyl group, was reported by Ewins (191 1) to be less active than hist- 
amine and Alles, Wisegarver, and Shull (1943) found the equipotent molar 
ratio relative to histamine to be lOO on the dog blood-pressure, 100 to 300 
on guinea pig intestine, but as low as 50 when tested intradermally m man 
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The corresponding a methyl derivative {4-nicthyl 5 (2 ammo n propyl)imjd 
azole, X 10, or 5 roethyl-4-(2 ammo n propyOimidazoIe, X II) was even less 
active on the dog blood pressure and guinea pig intestine but appeared to 
have the same activity when tested intradermally in man In this test, there- 
fore, but only in this test, it appears to be more active (equipotent molar 


I j — CHj — CHi — NHj 

Me— Nv<s?N 

X12 


p=] — CHj CHi NH, 

N^N Me 

X13 


ratio relative to histamine, 50) than the compound without the extra methyl 
group, a methylhistamine (X 6), for which the ratio was 200 
Both 1 methyl and 3 methyl histamine (X 12 and 13) appear to be feeble 
or inactive (Pyraan, 1916, Lee and Jones, 1949, Table X 1), but 2 methyl- 
histamine (X 14) has some activity (Tamamushi and Shibota, 1934, Lee and 



CH, — CHi — NH, 


— CH: — CHi — NR j 




X.14 R-HX15, 

R«Me X16 

Jones, 1949) 2 phenylhistamme 15) and 2 phcnyl-4-dimethylamino- 
ethylimidazole (X 16) also appear to have some activity (Huebner, 1951) 
1 Aminoethylimidazole (X is only feebly active (Pyman 1916) 

Derivatives of histamine, in which the nitrogen atom m the side cham is 
alkylated were prepared by Garfortb and Pyman (1935) and studied by 
Vartiainen (1935) and similar compounds have been prepared and tested by 


r==\ p=[ — CH, CHjNHMe 

H,N— CH, CH, N^N 

X17 X.18 

Huebner, Turner, and Scfaolz (1949) The results (Table X2) indicate that 
substitution of alkyl groups in this side-ebam ammo group leads to a decline 
m histamine like properties on the cat’s blood pressure The N methyl 
compound, 4-(metbylaminoetbyI)imidazoIe (X 18), however was more 
active than histamine when tested on guinea pig intestine (equipotent molar 


-CH, — CH, — NMe, 


HN^N 


X19 


HN>^N 


ratio, 0 5 Schild 1947, obtained a ratio of 0 4) but higher homologues were 
less active The N iropropyl derivative of histamine was also prepared by 
Sheehan and Robmson (1949), who quoted an equipotent molar ratio of 30 
relative to histamine for its effects on the dog blood pressure 
The quaternary metho-compound (X 19) was devoid of histamine like 
activity but had mcotme like properties The N dibenzyl derivative (X 20) 
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TABLE X 1 

Htstamlne-hke Properties of Analogues of Htstamine 



Equipotent molar ratio relative to 


histamine on 


Cat blood pressure 

Guinea pig intestine 

N-W-CHjCUjNHj 

67 

33 


500 

170 

|J-CU,ai,KM, 

12 

33 


170 

50 


50 

67 

”‘"Cl 

330 

200 


50 

11 * 

C^CH/nt,NUi 

50 

20 


500 i 

no 

l^JlcWK.NK, j 

67<; 1 

500 


* Arunlakshaaa and Schild (1959) obtained ratios of 30-€0 
Lee and Jones {1949) 


had DO histamine-like activity but was a weak antagonist of histamine and 
Huebner, Turner, and Scholtz found that some members of a similar senes of 
dialfcylaminometbyhmidazoles (K21) were feeble antihistamines, afthough 
I 1 — CH, — NItR' 

NRR'- NMc,, NElj, N^, NMeCHiPh. 

X 21 


Others were feebly histamine-hke They also observed that pnaphtbyJoxy- 
ethyhmidazole (X 22) had appreciable activity, although the effects produced 
were only transient 


-CHj CHi ( 






XJ21 
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TABLE X.2 

Illstamme tike Properties of Analogues of Histamine 


HN-n 

'ir-U-cHjar,R 

Equipoteot molar ratios rebuve to 
histamme on 

Cat blood- 
pressure 

(V) 

Guinea pigi 

(V) 1 

Dtestine 

(H) 

R = 

NHMe 

20 

05 


NHEt 

20 

Large 

13 

NHiJoPr 

— 

— 

13 

NMej 

5-10 

30 

13 

NMej 

Larse 

Large 

- 


V = Varttamtn H <= Haebner, Dimer, and Sehelz {J949) 

Other compounds examined by the tatter and found to be inactive ntre those in which 
R was NHPr, NEt». NPr»,b^^^,N p. NMcCMiPh, NEtCHjPh, and OPb 


Effects of Altenng the Imidazole Ring 

Compounds in which the imidazole nng has been replaced by other helero* 
cyclic structures have been examined by Lee and Jones (1949) on the intestine 
and blood pressure, and by Grossman, Robertson, and Rosiere (1952) on 
gastric secretion The results (Table X 1} indicate that hjstajnine*like activity 
IS con^oed to molecules very similar to faistanuoe Sheehan and Robinson 
(1949), for example, tested 4*aiDmocthyM 2 3>triazoIe (X 23), a triazole 
I j CHi — CH, — NHi 

N 

analogue of histamine, and found it was a weak antagomst of the effects of 
histamine on the dog blood-pressure This compound was also one of the 
very few substances which antagonized the effects of histamine on gastnc 
secretion Most of the compounds related to histamine appeared to have little 
effect on secretion, though some caused an increase Of these, 4-(aniino- 
cthyI)thiazoIe (X 24), 3 {amiDoethyl)pyrarolc (X 25), 5-mcthylhistamine 


■CHi — CHi — NHi 






X24 X25 

(X.8), tt*methylhistaraine (X 6), and 5 methyl-i-mcthylhistamme Qi 10) ap- 
peared to be the most active Stimulation was also produced to some extent 
by N-benzyl- and N-acctyl histamine (X 26 and 27) 


I 1 — CH, — CH, — NHR 

R=— CHtPh.X16, 

CO— CH,.X27 
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Relationships Bctn-ccn Structure and Histamii>e«like Actmty 
Lee and Jones (1949) have discussed the structural features necessary for 
histamine like properties and have suggested that the most important part 
was the unit 


=C-CHjCH2N= 


=N 


where the conjugated system was part of a small aromatic nucleus The nature 
of the nucleus was considered to be critical, hydrogen bonding might be 
important in the formation of the complex with the receptors 
Histamine is a strong base with a pKa at 30° C of 9 70 for the side-chain 
ammo group and of 5 90 for the imida 2 ole ammo group (Levy, 1935) At 
body pH, therefore, it will be present almost exclusively as the univalent 
cation, with traces of the divalent cation Niemann and Hays (1942) have 
suggested that, of the two tautomenc forms of this univalent ion, one will 
be stabilized by resonance (Fig X 3), a hydrogen atom of the side chain ammo 




.CHt /CfL 

NH, 


no X 3 TTie Slruetures a, b, andc, ore possible for the histamine ion, which should 
be a resonance hybrid to which a and b should coniribuie most 


group being bonded to the tertiary nitrogen atom in the nng If the nitrogen 
at this position were secondary, as m the other tautomer, the hydrogen 
atom would he out of the plane of the ring and would be less likely to interact 
with the side-chain ammo group Niemann and Hays suggested that this 
abihty to form an intramolecular hydrogen bond might be associated with 
histamine like activity Lee and Jones (1949) found that many compounds 
which could do this were inactive, although none of the active compounds 
could not form such a bond, I methyl-4-ammoethyhmidazoIe (X 12), for 
example, had some weak histamine like activity (Table X I) m spite of 
Pyman’s report that it was inactive (page 350) but 1 methyl 5 aminoethyl 
imidazole (X 13) had no activity at all Jocelyn (1957) prepared the 2 ammo- 
ethyl-3 methyhmidazolc (X 28), which can form such a bond, but this was 

— Me 

H,N CHj — CHi 

XJ8 

also inactive It may be questioned whether intramolecular hydrogen bond 
formation is essential for ability to act like histamine and is not rather 
merely associated with it 
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bistamme, but F 929 was much more active (Bovet and Staub, 1937), and 
the replacement of the ether oxygen atom by an ammo group led to the 
discovery of other antihistanune drugs, of which the most potent was F 1571 
(X 34, Table X 3, Staub, 1939) This work led to the discovery of two types 



F1S71,X34 


of potent antagonist of histamine, substituted ethylene diamines related to 
F 1571 and dialkylammoalkyl ethers related to F929 Ability to antagonize 
histamine has subsequently been found in four other mam types of com* 
pound, phenothiazine derivatives, piperazine derivatives azafluorene denva 


TABLE X3 

Antagonism of the Actions of Histamtne by Phenytatkamme Ethers and N 
Phenylethylene Diamines 




1 Effects on 



Whole guinea 

Isolated guinea 



p g intestine 



histamine index 

equipotent molar 
ratio 

F928 

PhOCH CH NHti 

1 

1-5 

F929 


3 

0M-O03 

F1379 

F1482 


3 

oo4-nos 




F1571 

PhNEtCH*CH hlEt 

4 

OM5-0 09 

F133S 

PhNMeCfIjCH NEt 

IS 

04 

FJ167 

PhNHCHiCHiNEf* 


10* 

F1691 


3 

0-08-0-15 

F2699 


1 

014 

Papaverine 


1 

1 ! 


The antihistanuae md«x for whole guinea pi^ is the number of kthal doses of histamine 
required to kill the animal after It had received 5 mg of the compound The equipotest 
molar raUo on the isolated mtestme is expressed as the number of molecules of the com 
pound required to produce the same degree of antagonism of histamine as one molecule of 
1167 (marked with an asterisk) 


Smb U93Vi 
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tives, and propylaraines and related compounds developed from antagonists 
of acetylcholine. For comparison, the pAa values for a number of com- 
pounds on the guinea-pig ileum are shown in Table X.4. 


TABLE X4 

Antagonists of Histamine; 

At Values on Isolated Guinea-pig Ileum 



pK., 20'* 

pAj (lOrain) 

Ethylene diamines: 








Mepyranune 

(140 

8 85 

9 36,8 95* 

9 46(S) 

TVipelcnnamioe 

OS') 

895 

9 33 (Re) 
900, 849* 

(I^JL-cn,, Methapyrtlene 


8 85 

8 63 

Chlaropyrtlene 


8 70 

950 

Bromopyntene 


8S3 

964 

Autaiolme 

OS') 

1000 

767(740) 

7 67 (Re) 

Ethers: 




PhiCHOCHtCHtNMex, Diphenbydiamuie 


8 98 

814,7 68* 


(140 


802 (S) 

P/ienothiazlnes: 








X « H; R = CHiCHMeNMcj. Promethazine 

(140 

9 0S 

8 93 

9 21(E) 


(150 


9 18 (Re) 

X = H; R *« CHMeCHiNMe*, IsoFromethazine 

(140 


8 33(E) 

X = Q; R •= CHsCHiCHiNMej, Chiorpromazine 

(140 


7 87(R) 

Piperazines • 




X-^^-CHFh~N^ ^Me 




X = H, Cyclizme 


816 

787 

X = Cl, Chloreyelizine 


815 

8 63.8 80* 




(798) 
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TABLE X 4 — Continued 



pKc. 20® 

pAj(10mm ) 

Azajluorene derb/atlves 



Phenlndamlne (X.69) 

8 9S 

8 46 

JVk 1326 (X.70) 

7 71 

6 39 

Nu 1525 (X,71) 

866 

5 71 

Propylamine derivatives 






X 



X •= H, Pheniramine 

9 23 

782 

X ■■ 0 , Chlorpheniramine 

916 

882 


UnJess otherwise iodicated the rcauItsare(hoseofMdrjAa//(/P/.5) Values marked with 
aa astensk were obtained when the expenroents were performed m the presence of atropine 
and the values in parentheses are for differcot samples of the same dnie Tbe results were 
the mean of at least four determinations and the standard error is of the order of 0 2 of a 
unit so there u fairly good agreement between the figures In these experiments the 
antagonism was assessed after the drug had been tn contact mth tbe tissue for 10 minutes 
In the experunents of other workers also included in this table the drug was allowed to act 
for a longer period (14 or 1$ minutes as indicated} 

Em Edge (1953) RmR}aIUI9SSi RemReus«(MS> S m Sc/lld(J947) 

Substituted Ethylene Diamines 

The compound Anrergan(X35, Halpcrn, 1942), developed from/' 7J77, was 
much more active than it, but even greater activity was found in « pyndyl 
derivatives, such as Mcpyraminc {Neoaniergan, Aniliisan, X36, Bovet, 

Ph-CH^ 

Aniergati, X 35 

Horclois, and Walthert, 1944) The former, when given m the raaxunum 
dose which could be tolerated, protected guinea pigs against 50-60 lethal 
doses of histamine, whereas the latter, in a dose of I mg/kg (considerably less 
than the maximum tolerated) protected them against 75 lethal doses of 
histamine The desmethoxy compound, Tnpelennaimne {Pynbenzamine, 
X37, Huttrer, Djerassi, Beears, Mayer, and Schobt, 1946), though less 
active than Mepyramine (Table X 4), also appeared to be potentially useful 
(Yonkman, Chess, Mathieson, and Hansen, 1946) The « pyndyl group was 
extremely important, both p- and y-pyndyl denvatives were less active but 
2pyTimidyl derivatives, such as Thonzytamme {Neohetramme , X38) had 
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appreciable activity (Feinstone, Williams, and Rubin, 1946, Aaron and 
Cnep, 1948) 

The ben^l group may be replaced by 2-thienyl, as in the compound 
Methapyrilene (X 39), and in these compounds, as m the benzyl analogues, 



X = MeO, Mcpyramine, X 35, 

« H, Tnpeteimamme, X 37 , 

*Br.X40. 

•= Cl, Halopyramme, X 43 

activity may be increased by the introduction of a halogen atom Litchfield, 
Adams, Goddard, Jaeger, and Alonso (1947) found the drug ratio (page 43) 
for hislamme and Tnpelennaminc on the gumca-pig ileum to be 25, whereas 
for the p-bromo compound (X 40) it was 50, and in the same experiments the 



Tliomytamlne, X 38 

drug-ratio for histamine and Methapyrilene was 15, whereas for the chloro 
and bromo compounds {Chloropyrtlene and Sromopyrilene, X41 and 42) 
It was 100 The very hi^ activity of these compounds on the guinea-pig 
ileum is also shown in Table X 4, but their activity in vivo does not appear to 
be quite so outstanding The p chloro analogue of Mepyramme and Tnpelenn- 



X ■= H Methapyrilene. X 39, 

*= Cl, ChJoropynlene, X 41 , 

= Br, Bromopyrltene. X 42 

amine, Halopyramme (Synopen, X43) appears to be very similar to the 
p-bromo compound (X40) and to Mepyramme, Gatzek and Mechelke 
(1950), for instance, found that comparable degrees of antagonism of the 
effects of histamine on the blood-pressure in man were produced by 0 5 mg 
Mepyramme, 1 mg Halopyramme, and 15 mg Tnpelennamme 
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The compound Antazoline PC44, Meier and Bucher, 1946), which is an 
imidazoline whose structure resembles that of histamine (on paper) can 
also be regarded as belonging to this type of compound It is not particularly 
active (Table X 4) 

In compounds of this type high activity appears, in general, to be associated 
with a dimethylaminocthyl group rather than any other side-chain The 
» methyl analogue of Mepyramme (X 45) and the dimcthylammo-n propyl 
analogue (X 46) are much less active (Bovet, 1947) 



Amazolme. X.44 R CH.CHMeNMe, XM 

= CH,CH^,NMe XA6 


Dialkylamlooatkyl Ethers 

Many compounds of this type, which can be regarded as developments from 
F929, were studied by Loew, Kaiser, and Moore (1945) The most active 
was the compound Diphenhydramine {Benadryl X 47) which has been used 
clmieally, although it is not as active as Mepyramme and oAen produces 
unpleasant side effects (particulatly depression of the central nervous 
system) In this senes, the structure of the basic side-cbaio does not appear 
to be so critical (Table X 5), but activity is enhanced by the mtrcxlucuoii of a 

TABLE X.5 

Antagonism of the Effects of Hutamine on Intact Guinea pigs by Compounds 
Related to Diphenhydramine 



Equipolent mobr 
ratio rebuve to 
DtpheDhydiamme 

PhsCHOCHzCHjN 

OSS 

PhaCHOCHjCHjjf^ 

1 8 

PhjCHOCHjCHiNHMe 

43 

Ph-CHOCHiCH-NEl* 

75 

F1571 

23 

F929 

42 


Loew, Kaiser, and Moore {1945) 


p-methyl group, as in Toladryl (X 48), or a p-bromo group, as in Ambodryl 
(X49) McGavacfce/o/ (1950 1951) reported that these compounds would 
protect guinea pigs against the effects of a histamine aerosol in doses be 
tween one half and one quarter of those of Diphenhydramine, and similar 
results have been obtained by Ensor, Russell and Chen (1954) 
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The et-pyndyl denvative, Doxylamme (Decapryn, X50, Sperber, Papa, 
Schwenk, and Sherlock, 1949) also appears to be more active than Diphen- 
hydramine Itself, Lovejoy, Feinberg, and Canterbury (1949) found it to have 
activity comparable with Tripelennamine and Mepyramine m suppressing 
the £are produced by histamine in human skin (see also Table X 10) 



R = H, Diphenhydramine, X 47, 
<=Mc.ro/<ido’/.X48, 

= Bf, Ambodryt, X 49 


Although all the antihistamine drugs so far discussed have been tertiary 
bases, it is interesting that quaternary salts are not necessanly inactive 
Loew, MacMillan, and Kaiser (1946) found that the quaternary metho- 
denvative of Diphenhydramine ^ 51), though less active than the tertiary 
base, produced a comparable antagonism of the effects of histamine on the 

0 \/' 

CHj — CHj NMtj 

Dffxytamtne, X 50 

guinea pig ileum when given in about three times the concentration This 
suggests that tertiary bases are likely to be acting as the ions, competing with 
histamine ions, which is consistent with their high basicity (Table X 4) The 
absence of quaternary ammonium salts with antihistamine properties which 
can be made use of clinically can be ascribed to the difficulty with which 
Ph H 

V 

CHi CHi illMcj 

X5I 

such compounds would be absorbed from the stomach and intestine, and to 
the hkehhood of their possessing other actions, particularly ability to an- 
tagomzeacetylchohne Thequatcmarymetho-denvativeofDiphenhydraimne, 
for instance, is the benzhydryl ether of choline and has marked atropine-like 
activity 

Phenothiazme Denvatives 

Halpem and Ducrot (1946) found extremely high antihistamine activity m 
the phenothiazme denvative Promethazine (Phenergan, Avomme, X52), 
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which conferred a degree of protection on guinea pigs several hundred times 
that produced by Antergan and about a thousand times that produced by 
F 929 Many phenothiazine denvativcs have been made (review by Viaud, 
1954), and antihistamine activity appears to be greatest m Promethazine and 
in the dimethylaramo compounds closely related to it (Table X 6) It is 
interesting that the quaternary metho denvalive of Promethazine (X 53), 
like the quaternary derivative of Diphenhydramine, has appreciable anti- 
histamine activity, though less than that of the parent tertiary base 



X - H . R - CHjCHMeNMc, . Prmtihatatt , X 52 , 

X - H . R - CHjCHMeNMe, . X 53 
X-H, R- CHiCHjNElj, , X54, 

X - C» . R - CH,CH,CH,NM«i . Oihrpm-uism , X 55 . 

X - H , R - CHjCHjNQ , Pyralhazw X 56 , 

X-H. R-CH, AUlhdlaziv , X 57. 

X-H, R-CH,YU« 

Patatal . X 53 , 

X-H. R-CH,-^J. X 59. 

X-H, X60, 

X-H. R- CHj-(]]NMe, X 6J 

Promethazine has been resolved by Toldy, Vargha, Toth, and Borsy 
(1959) and the (+)- and (— )-forms appear to have the same antihistamine 
activity, toxicity, and activity oa the ceatral nervous system (Borsy, Lazar, 
Csizmadia, and Toldy, 1959) 

The diethylartunoclhyl compound, Dielhazme (X 54), is much less active 
and, like Chlorpromazme (X 55), is of interest pnmanly because of its effects 
on the central nervous system The pyrrohdmoethyl compound Pyrathiazine 
(PyrroJazoie, X 56) does not appear particularly active in Table X 6. although 
Van der Brook et al (1948) found that in their experiments on guinea pig 
intestine it was as active as Tnpclenijamine The N-methyI-3-pyrrolidyl- 
mcthyl compound, Methdilazine (X 57), however, has been found to produce 
effects on guinea-pig intestine comparable with those produced by Prometh- 
azine in one-quarter of the concentration, or one-fifth of the concentration 
of Tnpelennamine, or one hundredth of the concentration of Diphenhydr- 
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TABLE X6 


pA% Values of Phenolhazuies on the Guinea pig Ileum 



pKa (20’) 

pAa (10 mm ) 

X = H, R = CHsCHiNMes 

3015 RP 

8 66 

8 76 

CHtCHsNEtj 

Dieihtiilne ^ 

909 

7 88(795) 

CHiCHjCBijQ 

Pyraihlazme 

8 96 

7 81 

CHsCHMcNMcj 

Promethazine 

9 08 (8 92) 

8 93 (8 78) 

CHsCHMettMcs 

3554 RP 

— 

818 

CHjCHMeNEii 

Etbopropazine 

9 50 

8 34 

CHiCHEtNMea 

4605 RP 

9 02 

760 

CHMeCHiNMea 

IsoPromethazine 

891 

7 97* 

CHMcCHMcNMca 

3349 RP 

9 61 

650 

CHaCHaCHaNMca 

Promazine 

9 52 

825 

CHaCMeiCHaNMea 

3300 RP 

913 

700 

X - a, R “ CHaCHaCHaNMca 

Chtorpromazinc ^ 

9 30 

792* 


The esumates of pAi were the mean of at least four experiments, the experimental error 
appears to be about 0 2 and the results u) parentheses, which were obtained with other 
samples of the drug, are not stgaiRcaatly different The compounds marked with an asterisk 
were tested by Edge (1953) and Ryall (1956), whose results are shown m Table X 4 With 
some of the compounds equilibrium may not have been reached m the short tune allowed 
(10 minutes) 

Marshall il95S) 

amine (Lish, Albert,Peters,and Allen, 1960) The analogous N methyl-3-piper- 
idylmethyl compound, Pacatal (X58), is essentially of interest because of 
Its effects on the central nervous system, rather than as an antagonist of 
histamine (Nieschulz, Popendiker, and Sack, 1954, Nieschulz, Popendiker, 
and Hoffmann, 1955) and other compounds of this type, such as the 2 mud- 
azolylmethyl derivative (X 59), and the N methyl-4-pipendyI and N-methyl- 
4-piperidylmethyl compounds pC 60 and 61), are likewise relatively feeble 
antagonists of histamine (Nieschulz, Popendiker, and Scheuermann, 1956, 
Nieschulz, Hoffmann, and Popendiker, 1956) 

The central actions of these compounds are undesirable in an antihistamine 
and appear to be dependent, at least to some extent, on the presence of the 
phenothiazme nucleus The related lO-thia 1 9 diaza-anthracene derivatives 
appear to have much less effect on the central nervous system and to possess 
even greater antihistamine activity than the phenothiazines (Schlichtegroll, 
1957) The relationships between structure and activity appear to be similar 
to those m the phenothiazines (Table X 7) and the analogue of Promethazine, 
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TABLE X7 

Antagonism of the Effects of Histamine by 10 ihia 1 9 diaza anthracene Dertva 
fives 


000 

Equipotent molar ratios relative 
to the dunethylaminoeihyl com» 
pound (R = CHaCHsNMe?) in 
tests with 

n 

Whole 
guinea pigs 

Guinea pig 
ileum 

R= 1 

aijCHjNMej 

1 

I 

CH-CHjNMej ; 

012 

1 3 

CH CHjNEf, 1 

10 

10 


060 

0 78 


ea 35 

28 

CHjCHsCHsNMes 

38 

21 

CH CHjCHjNEIi 

350 

16 


CO 3 9 

10 

CHsCHMeNMes (Isethipemi}!) 

1 031 

1 085 

CH-CHMeNMes 

031 

2-9 

CHiaiMeNEta 

CO 12 

39 

CH CHMeCHsNMer 

035 

21 

Antazohne 

82 

1 

19 


Acliyity Jtelatne to Other Drugs on the Guinea pig Ileum 


Antazoline 

pAs (2 nuns ) 

715 

IsoMpendyl 

8 34 

Promethazine 

7 76 

Diphenhydramine 

745 

Mepyranune 

8 41 

Chtorphemramine 

8 05 


Hole - These pAa values obtained after only 2 minutes exposure to the drug, are much 
lower thAn those obtained after longer periods of exposure and may be greatly affected by 
differences in the rates of diffusion of the drugs to the receptors in the tissues 
Sehllehtegroll(m7) 

fsothtpendyl (.Anddntol Ndergex, X 62) appears to be very effective clinically 
In this senes some qualernary dcnvatives have very high activity in protecting 
guinea pigs against asthma produced by histamine, much higher than is 
consistent with their antihistamioe axomty on intestine (which is less than 
that of the parent tertiary bases) The tncychc nng structure in these com 
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poundsisextremelyimportant,N-phcnyI-N-a-pyndyl-N'N'-dimethylethylene 
diamine (X 63), for instance, is very much less active even than Antazoline, 
at least fourteen times the dose is needed to produce a comparable degree of 
antagonism of the effects of histamine on the guinea-pig ileum 


a:)0 a.jo 


y ■ 

M«-CH 

t 

Me Me 
hothipendyl, X 62 


CHi 




Piperazines 

Manypiperazmes,particularlydenvativessuchasN-diphenylmethyI-N -alkyl- 
piperazines (X 64), have been prepared and found to have antihistamine 
activity (Cerkovnikov and Stern, 1946, Hamlin, Weston, Fischer, and 
Michaels, 1949, Castillo, De Beer, and Jaros, 1949) The most active com* 
pound of this type appears to be CMorcychzme (X 65, Tables X 4 and X 8) 

TABLE X8 


Antihistamine Activity of Piperazine Dernatnes pAi Values on Isolated Guinea* 
pig Ileum 



pK. (20') 

pAj (10 mins ) 

X = 



H {CycUzme) 

8 16 

7 87 

p Br 

7 97 

8 IS 

P P 

823 

8 03 

p Me 

8 21 

8 16 

p^\ {Chloreyelizine) 

8 15 

8 63 

m Cl 

8 10 

725 


Marshall 093Si 


The closely related substances, Meclizme (X 66) and Buchzine (X 67) arc only 
feebly active m antagonizing the effects of histamme on the isolated gumea- 
pig ileum, but have a ‘marked protective action’ against the effects of a 
histamme aerosol on intact guinea-pigs (P An, Gardocki, and Reilly, 1954) 
Their effects are slow in onset and remarkably long lasting and are thought 
to be due to the action of metabolites formed from the compounds, rather 
than to the compounds themselves These piperazine derivatives have 
depressant effects on the central nervous s^tem, like most (but not all) of 
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the other compounds which antagonize the effects of histamine, and some of 
them appear to be very effective in reducing vomiting The analogue of 
ChlorcycUzlne without the chloro group, CycUzme (Marzine, X 68), appears 
to be valuable for this purpose and is used for the prevention of travel 
sickness, its antihistamine activity, on the other hand, is relatively feeble 
(Table X 4, see also Norton et al, 1954) 



R— Cl R'-Mc. CUareyebwie X 65, 

R-Cl, R-CHj-^j/. Mrclume, X 66 . 
R-CI, R'-CH,-^^CMe,. X 67, 

R-H. R'-Me, X 68 


Azaanorene Denrabres 

As has already been pomted out, the usefulness of many antihistamine drugs 
IS limited by their effects on tbe central nervous system, especially by their 
liability to produce drowsiness This side effect is seen particularly with 
Diphenhydramine, but is produced also by all the early antihistamines The 
first indication that it was not necessanly assoaated with the abihty to 
antagonize the effects of histamme was the discovery of the antihistamine 



Phemndamme X 69 Pf a 1326, X.TO Nu]S2S.X7l 


activity of P/temndamme (Jhephorm, X 69, Lehmann, 1948) This compound 
bears no obvious relation to the other antihistamine drugs known at the 
time when it was made It has moderate antihistamine activity (Tables X 4 
and 9) and appears to stunulafe the central nervous system, rather than to 
depress it The related compounds Nu 1326 (X 70) and Nu 1525 (X.7I) are 
much less active, Nu 1525 lacks the flatness associated with the indane portion 
of Phenmdamxne and Nu 1326 is a much weaker base (Table X 4) 
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TABLE X 9 

AntUustamine Activity o/Phenmdanune and Related Compounds 



Equipotent molar ratio relative to 
Phenmdamine for antagonism of the 
effects of histamine on 

Whole guinea pigs i 
(histamine spray) ' 

Tsolated guinea 
pig ileum 

Phenindamine 

1 

I 

Nu 1S26 

— 1 

60 

Nu 1525 

— 

150 

Diphenhydramine 

2 

2 

Tnpelcnnarmne 

05 1 

1 

03 


Lehmann {1948} 


Propylaimncs and Related Compoands 

Many diphenylpropylammes, carbinolamines, and allyJanunes, prepared by 
Adamson (1949, Adamson and Billinghurst, 1950), were tested by White, 
Green, and Hudson (1951) for their ability to rebeve the spasm of smooth 
muscle caused by a variety of agents, including acetylcholine (page 230) and 
histamine A moderate degree of antihistamine activity was found among 
many of these compounds, including some which were quaternary ammonium 
salts, but o-pyridyl derivatives were much more active (Green, 1953) The 
allylamines, TriproUdme (Actidil, 295 C 51, X 72) and 405 C 49 (X 73), and 


X = Me, TriproUdme, X12, 
X « a, 405 C 49. X 73 



\h, CHj NMti 

X =» H, Phemramine, X 74, 

X *= Cl Chlorpheniramine, X 75 


the propylamines Pheniramine {Tnmeton, X 74) and Chlorpheniramine 
{Chlorinmelon, X 75) appear to be particularly active, the equipotent molar 
ratios relative to Mepyramine for antagonism of the effects of histamine on 
the guinea-pig ileum were 0 6 for TnproUdme, 1 I for 405 C 49, and 2 I for 
Chlorpheniramine Pheniramine and Chlorpheniramine have also been studied 
by I-abelle and Tislow (1955) and their ability, when given orally, to protect 
guinea pigs against the lethal effects of injected histamine is shown in Table 
XIO 

Chlorpheniramine has been resolved and the optical isomers tested by Roth 
and Govier (1958) The (+) isomer is much more active than the (— )-, 
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TABLE X 10 


AnlJiislamine Properties of x-pyndyfpropylamnes 


fl 

Equipotent molar ratios 
relative to Diphenhydramine 
for protection of guinea pigs 
against effects of histamine 
(given intravenously) 

X »• H iP/ienlramine) 

0 43 

=• p-Me 

0082 

= p-Cl (CAlorpiauramlne) 

0020 

and for some upyrldylmeth}/ ethers 






R - H. X - H 

0 75 

R *» Me, X H (Doxylamlne) 

039 

R.MeX-pQ 

030 


Note - The compounds were given orally, the equipoteot molar ratios relative to 
Mepyranmie should be ten to twenty times the values relative to Dipbenhydiamiae shown 
here 


Labelh grid TUhw (J9S5) 


estimates of the equipotent molar ratio for the racemate relative to the 
(+)-)somer were 2 3 and 2 4m tests for ability to protect gumea-pigs agamst 
the effects of intravenously administered histamine, and 1 8 for protection 
against a histamine aerosol The ratio for the {— )-isomer relative to the 
(+)- was about 500 

Somewhat similar stereospecificity appears to be observed with the allyl* 
amines These can exist in two gcometncally isomenc forms, in which the 
nitrogen atoms of the basic group and pyridine nng are either as or irons, 
and the active compounds, such as Tnprohdine, have the irons configuration 
(Adamson, Barrett, Billmghurst, and Jones, 1957) These latter show absorp- 
tion in the uUra-violet region charactenstic of vinylpyridmes, whereas the 
former show absorption charactenstic of styrenes It appears, therefore, that 
in the Irons compounds the double bond and pyndine nng are in the same 
plane and that the benzene nng is forced, for stcnc reasons, to he at nght 
angles to this plane (Fig X 5) Althou^ the relationships between activity 
and the structure of the phenyl-* pyndylmethyl part of the molecule appear 
to be similar m both the allylamines and propylamines, the effects of sub- 
ilitucats on the basic group at the other end of the molecule are different, 
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the dimethylamino group was most eflecbve m the propylamines (as U is with 
many antihistamines), but the pyrrolidino group was most effective m the 
allylamines (Adamson, 1951) 



no x5 Structure o/ Tnprohdinc the pyndine ring and double bond are in the 
same plane, with the benzene ring forced at right angles to it 


Evidence for Competitive Antagonism 

The antagonism of histamine by antihistamine drugs, such as those described 
above, is usually reversible and is assumed to be competitive Schild (1947) 
showed that the effects of Mepyramine on the dose-response curves for the 
guinea pig ileum were the same whether the contractions uere produced by 
histamine or N methylhistamine QC 18), and Arunlakshana and Schild 
(1959) found the pAj value for Mepyramine and histamine on the guinea pig 
ileum was the same as that for Mepyramine and 2 (2 pyridy})ethy]amifle 
(X76), a similar result was obtained with Diphenhydramine (Table X II, 
the pAo values of these compounds also do not appear to alter very greatly 
from one tissue to another) The fact that the pAz value is independent of the 
agonist, however, does not prove that the antagonism is competitive, only 
that the agonists are acting on the same receptors 

— CH, CHi NHi 

X76 

Marshall (1955) used the value of pA 2 -pAjo as a test to see if antihist 
amines were acting competitively The reJiability of this method is limited by 
the errors attached to the pA values, for competition, pAz-pAio = 0 95, 
whereas in a non competitive situation it is less than this (page 44) As the 
error attached to the pA values may be 0 2, the combmed uncertainty in 
the value of pAr-pAio may make it difficult to show convincingly that the 
antagonism is, or is not, competitive Marshall s results however, suggested 
that all the common antihistamines (e g those shown in Table X 4) were 
acting competiUvely 

TTie manner m which the compounds are acting, however, may not really 
be apparent unless a wide range of concentrations is studied Several p halo 
alkylammes have been found to have antihistamine activity (Nickerson and 



370 


Introduction to Chemical Pharmacology 

TABLE X II 

Effect of Agonist on Blocking Actntiy of Mepyramlne and Diphenhydramine at 
the Histamine Receptors of the Gutnea pig Ileum 


1 

1 

pAi (14 nuns ) for contractions 
produced by 

Histamine 

2*<2 pyiidyl)cthyl 
amine 

Mepyramme 

93 

92 

Diphenhydramine 

79 

80 

Comparison of Slocking Activity at Histamine Receptors of the Guinea pig Ileum 

Hith those of Oder Tissues 



I pAe(14 mifls)for 


Mcpyramiae 

I Diphenhydramine 

Guinea pig ileum 

93 

80 

Gumea pig perfused lung 

94 

78 

Guiiwa pig trachea 

91 

' 78 

Hunan broachi * 

93 



* Results of Hawkins and Schild (]951) 
Afunlokshona and Sehi/d [19}St) 


Hams, 1949), this does aotappearnecessanly to be associated mtb ability to 
block adrenergic receptors b^use the compounds which arc very active 
at one site are not always very active at the other 
Phenoxybemarrune (page 333) and SY 28 (X 77) were the most active 



X*=aorBr Sr28 X77 

antagonists of histamine, the Utter, for example, antagoDized the effects of 
histamine on intact guinea pigs and on the isolated gumea pig ileum in 
doses equal to, or not more than twice, those of Mepyramme When low 
concentrations of this substance were used, the antagonism was surmount 
able (page 16) and has been desenbed as ‘competitive’ by Chen and Russell 
(1950) and Graham and Lewis (1953) When higher concentrations were used, 
however, it was observed to be imsurmountablc Nickerson (1956) has 
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pointed out that these results (Fig X Q are consistent with a non-competiti\ e 
antagonism, similar to that observed at adrenergic receptors, in which the 
ethylene inunium ion reacts with the histamine receptors to form a stable 
complex The reason why the antagonism is surmountable when low con- 
centrations are used appears to be that a maximal response of the tissue can 
be obtained by the combination of histanune with only a very small pro- 
portion of the histamine receptors, possibly with as little as 1 per cent In 
View of this evidence for the existence of ‘spare* receptors on these tissues, 
it IS difficult to decide whether antagonists of histamine are really acting 
competitively unless, for example, the graph of dose ratiO’minus one against 
antagonist concentration is plotted over a wide range 



no x6 Evidence/ornon compeiitive aciion of SY‘2Z iOD \2l,X 17)athlsl- 
amme receptors and of iheexistenceof'spare' receptors, t e that a maximal response 
of the tissue does not mvo/ve a combinalioa with all the receptors {Nickerson, 1956 ) 


Relationships Between Cbemical Stmetore and Antihistamine Activity 
Although more evidence would be welcome, it seems likely that most of the 
antihistamines are acting by competition wth histamine for the receptors on 
smooth muscle cells Many of them are active in very low concentrations, 
about one hundredth of the concentrations of histamine which produce 
contractions (Arunlakshana and Schild, 1959, found the mean effective 
concentration of histamine in their expenments with the guinea pig ileum 
to be 10-7 7 m) The most active substances, with pAa values greater than 9, 
are Mepyramine, Tnpelennamme, Chhropynlene and Bromopynkne, and 
Promethazine (Table X 4) Isothipendyl appears to be at least as active as 
Mepyramine and more active than Promethazine CTable X 7) and Triprohdme 
appears to have similar high activity ^ge 367) 

These substances are all strong Iwises and changes in their chemical 
structure could conceivably lower activity by lowering their pKa and reducing 
the proportion of ions available for competition with histamine ions That 
this IS not the only effect of changes in structure, however, can be seen from 
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Tabic X 4 and from the other results of Marshall (1955), many compounds 
which arc strong bases have only weak activity, though few of the compounds 
which are weak bases have strong actmty 
There is some similarity between the compounds listed above With the 
exception of Promethazine, they contain cither the unit 


or the similar unit 





.c=aj ' 




In Promethazine the unsaturated nitrogen atom is missing (it is present in 
hothipendyl) and the group R. is part of the phenothiazine nucleus This 
structure, however, is not flat but folded about the N-S axis (Fig X 7) and 



no x7 Promethazine 

there is, therefore, some resemblance to the other active antihistamines, this 
is even more marked m Isothipend}! The activity of the latter and the fact 
that Triprolidme has a trans structure suggest that the compounds are 
adsorbed with the groups arranged as m Fig X 8 The vinylpyridyl part of 


area of v Vi 

VandcrWaalh\ ^ j 


area or ic 


(7 


y~ 


f ionic 
binding 

*’ ^ereas of 
electrostatic 
attraction 


r/l/s psrt ofthu 
receptor msm/y wf 
W/th poss/t)/e zontrlbutrons 
from \&n cfer W3&ls brneftn^ 


no x8 ffypothettcat aiborplton o/TnpToUdjne 
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TriproUdme must be fiat and consequently the whole arrangement, except 
for the substituent, R, is likely to be more or less planar If this is correct, it 
follows that the active (+) form of Chlorpheniramine should have the R- 
configuration (Fig X 9) The points of attachment of this molecule would 
appear to be the onmm group, the pyndine nitrogen atom and also the 
3 carbon atom Some sort of attachment at the latter point would seem to be 
likely because the high stereospeaficity of Chlorpheniramine indicates that 


Cl 



Flo x9 K Chlorpheniramine 

more than two points are involved and also because of the activity of com- 
pounds, such as Promethazine, which lack the pyndine nitrogen atom The 
pyndine nitrogen atom is drawn adsorbed m the position shown, rather than 
with the pyndine nng rotated through because Isothipendyl could not 
be adsorbed in the latter manner and also because m the position shown the 
three pharmacodynamic groups do not he m line, with the nng rotated they 
would lie almost m line and there should be little stereospecificity The lack 
of stereospecificity m Promethazine is not inconsistent with this picture of the 
receptor, because both halves of the nag are equivalent and the fold in the 
molecule is not ngid With Isothipendyl, however, the two parts are not 
equivalent and it might, therefore, be expected that the isomers will be 
found to have different activities, and that the active isomer has the S- 
configuration 


/NH, 

CHi 

Fio X 10 Tautomeric form of histamine, for comparison with Fig X 8 (but see 
text) 

The stereospecificity of molecules such as Chlorpheniramine could also 
anse, however, from adsorption of the part of the molecule containing the 
benzene nng If these were so, there would be no need to consider binding of 
the 3 carbon atom or tertiary nitrogen atom The effects on activity of sub- 
stitution m the benzene nng could then be explained by supposing that 
substituents such as methyl, chloio, or hromo m the /^position increased 
affinity by Van der Waals’ attraction to the receptors If there is no receptor 
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group binding this part of the molecule, these substituents may act by 
increasing the availability of electrons at the 3-carbon atom, at least in 
TriproUdine and Chhrphemramme, by an electromenc shift and with the 
methyl group (but not chloro or bromo) possibly by an inductive effect 
The unit common to active antagonists of histamine is similar to that 
which has been considered to be important for histamine like activity (page 
3S3) Gaddum (1948) pointed out that this unit 


'C-CHiCHiN 

=lil 

had its counterpart in Mepyramme and compounds related to it 


=C-N-CHsCHjN 

=i 


though the chain is longer by one nitrogen atom There would be greater 
similanty still if histamine ssere adsorbed at the receptor in the tautomeric 
form (Fig X 10, compare this with Fig X 8), but unfortunately this is not 
consistent with what has already been said about the adsorption of histamine 
and, in particular, with the observation that 1 metbylhistamme (X 12) has 
some histamine-like activity, whereas 3 methylhistamioe (X 13) has none 
If the antagonists are adsorbed because of the similanty pointed out by 
Gaddum, it might be expected that shorter compounds would be more 
active still 


Differences Between Results Observed in vivo and Those Observed on Isolated 
Preparations 

The ability to release histamine might be mistaken for histamine like activity 
m tests on isolated preparations and this will also be true in tests on whole 
animals The time course of the response, however, should indicate what is 
happening, a true histamme-likc response should be very rapid m onset, 
whereas a response caused by the release of histamine from the tissues should 
take a Lttle time to develop This difference in tune course should also be 
observed with substances which act by preventing the inactivation of hist- 
amine, although there no compounds known, as yet, which defimtely act 
m this way Inhibitors of histaminase (diamine oxidase), for instance, do not 
show any appreciable potentiation of the effects of histamine (Angelakos and 
Loew, 1957, 1958), and examples of compounds which block the methylalion 
ofhistamme have not yet been discovered Compounds, such as o methyldopa 
(X 78), which prevent the formation of histamine by blocking histidme- 
decarboxylase (Sourkes, 1954) should be equally active m xilro and in vivo 
m reducing the effects of substances which act by releasing histamine, but 
should be ineffective in antagonizing the effects of histamine itself 
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The results of the m \itro tests of antihistamines may not give any real 
indication of their activity w \ivo, particularly if the m vno tests are based on 
ability to suppress allergic reactions rather than those of histamine itself 
In a test for ability to suppress the weal produced by histamine in human 
skin, for instance, Bam (1949, 1951) found that Mepyramme was much less 
active than would have been expected from the results of m vitro tests The 
equipotent molar ratios relative to Promethazine were 0 4 for Chhrphenir- 
amine and 40S C49(X 73), 2 4 for ChlorcycUzlne, 5 2 for Mepyramme, 15 for 
Anlazoline, and 20 for Thonzylamine When tested for ability to suppress 
urticaria clinically, the difference was even more marked, between 600 and 
900 mg of Mepyramme were needed to produce the same control of the 
condition as was produced by 50 rog of Promethazine 



Me 

I 

CHi C — NHi 

I 

COiH 


« Melhtthpa X 78 


The greatest differences between the results of expenmeots on isolated 
tissues and those obtained m whole animals are the failure of antihistamines 
to suppress the action ofbistaramem stimulating the secretion of and gastric 
juice and the failure to relieve most forms of asthma The failure to antagon 
ize acid gastric secretion is an advantage in the use of histamine to diagnose 
poor secretion of acid gastnc juice in man, but it is a puzzling problem 
Possibly the receptors at which histamine is acting are so very dissimilar from 
other histamine receptors that antihistamines have no affinity for them That 
they are different is clear from the results discussed on pages 352 and 354, and 
perhaps the situation may be compared with the adrenergic receptors, at 
which the antagonists are quite sharply divided into those which will block 
a receptors but not p receptors, and those which block p receptors and do 
not block, or even stimulate, a receptors Another possibility is that hist- 
amine does not itself stimulate gastric secretion but is metabolized into some 
compound which docs Some evidence for this was obtained by Bom and 
Vane (1953), who found that the response of the acid producing cells of the 
stomach to histamine was greater when the histamine was allowed to mix 
with blood for a short penod before reaching the stomach The most likely 
metabolites, however, 1- and 3 methylhistamine (X 12 and 13), are without 
effect on gastnc secretion (Grossman, Robertson, and Rosiere, 1952) 

The failure of antihistamine drugs to antagonize the constriction of the 
bronchi which occurs in asthma suggests that this effect may be produced by 
other substances besides histamine Many substances will cause smooth 
muscle to contract, some of these are of relatively simple structure, such as 
5 hydroxytryptamine (X 79) whereas others are of much more complex 
nature, such as polypeptides and complex derivatives of organic acids 
The substance 5 hydroxytryptamine occurs in the gastro intestinal tract in 
platelets, and in the central nervous ^stem It may be released from these 
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sites m certain circumstances (e g by the action of rcserpme) and it is con- 
ceivable that the ability to antagonize 5 hydroxytryptamine as well as 
histamine might enhance the value of a drug in the control of allergic con- 
ditions The problem of antagonizing the actions of 5-hydroxytryptaminc, 



X79 


however, is difficult The most effective substances arc lysergic aad diethyl- 
amide {LSD, X 80) and its 2 brorao derivative {BromLSD, SOL, X 81), and 
though these can be drawn to resemble 5 hydroxytryptamine (Robson and 
Stacey, 1962), they produce an unsurmountable block Even compounds 
quite closely related to 5 hydroxytryptamine, such as 5 benzyloxy N N di- 
methyltryptamine (X 82, Barlow and Khan, 1959), also appear to be acting 



X - H, ISO. XM 
X -- Br, BromLSD. X 81 


non-competlUvely and the relationships between chemical structure and 
antagomst activity are not easy to understand The compound 5 bcnzyl- 
oxy-N N dunethyltryptaminc, for example, is a weaker antagonist than 
5-benzyloxygramme ^83, Gadduro, Hamecd, Hathway, and Stephens, 
1955), Barlow and I^an (1959) found the drug ratio for the latter to be 
about ten times that of the former For reviews of the actions of 5 hydroxy- 



(CH ), — NMe, 


n = 2,XJ2, 
n = J,X83 


tryptamme and of compounds related to it, sec Robson and Stacey (1962) 
and Gyermek (1961) 

With the substances of more complex structure it is even more difficult to 
try to analyse the relationships between chemical structure and biological 
activity (for a review of phannacoIogicaUy active peptides, see Schaebter, 
1962) With the recent great advances m protein chemistry it has been possible 
to determine the constitution of a number of polypeptides, e g oxytocin and 
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vasopressin (Du Vigneaud et al , 1953, Tuppy, 1953), and even of a protein, 
insulin (Sanger and Thompson, 1953, Ryle, Sanger, Smith, and Kitai, 1955) 
Synthetic polypeptides have been produced (review by Elmore, 1961), and 
the attempt to understand how the activity of these big molecules vanes with 
structure is probably the greatest challenge to the chemical pharmacologist 
at the moment and m the immediate future 

Conclusion 

Relationships between structure and ability to act at histamine receptors are 
more complex than those discussed in most other sections of this book The 
ammoethy] side-chain is important and this must be attached to a suitable 
unsaturated ring Most antihistamines appear to act by competition with 
histamine and to contain groups which could assist m binding the molecule 
to the histamine receptors In spite of the very high blocking activity of 
many of these compounds they are not effective m most asthmatic conditions, 
indicating that the symptoms are not due exclusively to histamine 



XI 

Conclusion 


The Cliemist’s Contributioa to Piiarmacology 

The malena medica of the pharmacopoeias of the mid mnetecBth century 
came mostly from plants The more obnoxious preparations of animal 
raatcnal of the eighteenth century (such as the *Jus Vipermum' or viper broth 
of the London Pharmacopoeia of 1745) had been deleted and work on syn* 
thetic drugs had not started Today the malena medtea is predominantly 
synthetic, with preparations from plants or ammals in the minority The 
chemist has a widely recogtuKd part to play in providing these synthetic 
materials and m identifying the active constituents of plant extracts, such as 
alkaloids, or of animal material, such as hormones Many of these latter may 
even be replaced by synthetic raafenal as the chemist develops better methods 
for synthesis 

It IS hoped, ho'Aever, that this book will show that the chemist’s contri- 
bution is not simply to provide material for others to test He should be able 
also to provide information about the compounds he makes which may be 
directly relevant to their pharmacological properlics The structural formula 
of a compound uill m itself provide mformation about the size and shape of 
the molecule and about the possible existence of isomers If the electron 
distribution in the molecule is also taken into consideration, it should be 
possible to make a reasonable guess as to the acidic or basic character of the 
compound, its solubility, its stabihty, and the parts of it which might be 
involved m attachment to receptors 

PrcCTse mformation about the size and shape of many molecules in the 
crystalline state has been obtained by X ray or electron diltraction measure- 
ments (for a summary, sec Sutton, Jenkio, Mitchell, and Cross, 1958) and 
estimates of the size and shape of a new molecule can often be made with 
some degree of confidence It is much more difficult to obtain quantitative 
estimates of electron distribution, however, as this cannot be measured 
directly, but must be inferred from other results Nevertheless, a qualitabve 
assessment can often be made and the predicted acidic or basic character, 
solubility or stabihty of a drug checked against what is found expenmentally 
The importance of solubility and stabihty as factors which influence phar- 
macological activity has long been realized, but it is only with the develop- 
ment of physical orgamc chemistry that it has appeared at all likely that it 
may be possible to relate these properties to chemical structure The same is 
also true of the acidic or basic ch^cter of the drug The relevance of the 
pKfl of an acidic or basic drug to its pharmacological activity has been 
37S 
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especially emphasized by Albert (1952, 1960) In many circumstances it can 
be used to calculate the proportion of the drug which is really active, and 
from the work of Brodie and others (sec page 47, review by Brodie, 1956) 
it may also indicate the ease with whidi a drug may be absorbed or penetrate 
membranes The determination of the pK^, moreover, may yield information 
about the electron distribution m the molecule The comparison of the pKo 
values of a senes of compounds, for example, may be used to assess the 
shift of electrons produced by vanous substituents 
In fact, then, though a qualitative assessment of the electron distnbution 
may be used to guess the physical properties of a new drug, it is usually the 
quantitative measurement of these physical properties which leads to more 
precise information about the electron distribution m the drug molecule 
This information will be particularly important in any attempt to assess how a 
drug may interact with a receptor, but it is, unfortunately, a subject about 
which the chemist has not very much information Developments m physical 
organic chemistry which lead to improved methods for estimating electron 
distribution will be very important indeed in pharmacology At the moment 
even the methods which could be used are not exploited fully , it is now a fairly 
common practice to measure the pKa of a drug, but it is less often that 
information is sought from other (admittedly more specialized) sources, 
such as dipole moments or from infra-red or ultra violet absorption spectra 
The chemist, however, has a further contribution to make, beyond pro* 
vidmg the drugs and providing all possible information about their structure 
and physical properties he provides the ideas by which the actions of drugs 
ate interpreted The whole theory of receptors, as discussed in Chapter I, is 
essentially a chemical one and it was this recognition of the relevance of 
chemical ideas in pharmacology, originally made by A J Clark, which made 
it possible to discuss the actions of drugs m scientific terms at all The 
recognition of the chemical pnnciples underlying pharmacology may also 
(but does not always!) carry with it a stnvmg after chemical standards of 
accuracy and of directness in expcnrocntal design 

Actions of Drugs by Fbj'Siocbemical Mechamsms 

With the exception of local anaesthetics the drugs discussed in this book 
appear to act at receptors The problem has been to see how their activity 
vanes with their size and shape and electron distnbution, and to interpret 
these changes in activity in terms of ability to fit and activate a receptor The 
physical properties of the compounds have only appeared to be important 
in so far as they may affect access to the receptor sites 
With the local anaesthetics, however, the absence of any correlation be 
tween activity and structure has been taken to indicate that activity depends 
upon physicochemical properties and vanous explanations for their action 
(none of which is particularly satisfactory) have been offered A similar 
situation IS found with the actions of certain compounds on the centra! 
nervous system Many compounds of widely different structure will produce 
a general depression of the central nervous system, as opposed to a depression 
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of one particular part of it The effects observed arc those of a general anaes- 
thetic, loss of consaousness, and the blockage of reflexes, and the action has 
been described by the word ‘narcosis* as well as by the terms ‘anaesthesia’ and 
‘general central depression*. As long ago as 1899, Meyer observed that the 
ability of a drug to produce narcosis appeared to be assoaated with its 
abihty to dissolve in fat (Table XI 1) and suggested that it might be a con- 
sequence of the solution of the drug m the fatty tissues of the central nervous 
system, whose cells have a high fat content (see also, Baum, 1899, Overton, 
1901, 1902) 


TABLE XI 1 

Narcosis of Tadpoles 



CoUn oil 

Ontff 

Narcotic con- 
centration (Mol /L) 

Trlonal 

4 46 

0 0018 


Tetronal 

4IM 

0-0013 


Buiylchloral 

} 59 

00020 

1 

Sutpkonal 

] n 

00060 

I 

Bromathydnte 

066 

0002 

Decrease 

Benzamide 

06 

0 002 

m 

Tnacetm 

03 

0010 

potency 

Diaeetui 

023 

0-013 

and 

Chloralbydnte 

0-22 

0020 

soIubQicy 

Ethylurethase 

014 

0040 

1 

Monoacetm 

1 006 

0050 

i 

Mediylureihaae 

OM 

0040 


Ethanol 

003 

OS 



Csun e» concentrauon of drus ui obve oil in equiUbnum with a concenirauon, Cnm, 
In the aqueous phase 


Traubc (1904) observed that there was a correlation between depressant 
activity and abihty to lower the surface tension at an air-water mterface, 
and suggested that the action of the compounds was a result of a lowering 
of the interfaaal tension at the cell surface It is unhkely that an air-w^ter 
interface bears much resemblance to the cell surface and Warburg (1921) 
accordingly measured the adsorption of these compounds at a charcoal- 
wafer rafen^ce He ofrserveif s comaihftvra 6«rfweeir accrvrty amf sdsocb s bdcty 
on this model and concluded that this supported Traube’s hypothesis Other 
possible modes of action based on physiocochemical properties have been 
suggested, for example, that the action depends upon an alteration of the 
permeabihty of the cell, possibly resulting m the reduction of the rate of 
removal of carbon dioxide (Hober, 1907, Winterstein, 1915, Lillie, 1909) 

It IS very dilBcuIt to decide which of these theones, if any, is correct In 
an homologous senes of n ahphatic alcohols, for example, general centra! 
depressant activity in tadpoles increases m a geometneal progression with 
cluin length, i e the activity nses m the ratio 1 « n^, etc (Meyer and 

Hemmi, 1935) If the loganthm of the concentration producing depression 
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IS plotted against the chain length, a straight line is obtained until a maximum 
IS reached with n-undecyl alcohol, above which activity drops sharply (Fig 
XI 1) A similar logarithmic increase m activity can be observed in other 
homologous senes, for example with alkyl esters of p aminobenzoic acid 
(cf Table III 4) The concentrations of n aliphatic alcohols which reduce the 
surface tension of water to 63 dyne centimetres also decreases in a logarith- 



Number of carton atoms 

f lo XI \ FrpptJtiet of n ohphnitc akohofs, ROH The number of rarbon atoms in 
ihe chain {abscissa} is plotted against the logarithm of the concentration of alcohol 
1, present in a saturated solution {curve SS) 2, producing narcosis of tadpoles 
{curve N) 3, lowering the surface tension of water to 63 dyne cms (curve ST) 
Results taken from Qark (1930), Meyer and Hcrmni (1935), ond Ferguson (1939) 

mic fashion (Clark, 1930) but, then, so do all coJIigative properties, such as 
the lowering of vapour pressure, depression of freezing point, elevation of 
boiling point, osmotic effects, solubility, partition , coefficients, and appar- 
ently even non specific adsorption at an enzyme or receptor surface (pages 
211, 263) This is to be expected because m an homologous senes the Gibbs 
Free Energy of the compounds is increased by a constant amount, roughly 2 
kcal per mole, per methylene group and all these properties are dependent 
on the Gibbs Free Energy The results therrfore, do not make it possible to 
decide which particular property may be responsible for the biological 
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actjvjty of the compounds, though they indicate that narcotic potency is a 
physical property, like other colligativc properties The decline in activity 
above a particular chain length is difficult to explain For some actions, such 
as the kiUing of certain bactena (Streptococcus Aureus), it can be shown that 
the inaeasc in activity with chain length is smaller than the decrease in 
solubility, consequently above n pentanol the bactcncidal activity declines 
sharply because it becomes impossible to obtain enough n hexanol in solu 

TABLE Xt2 


Narcosh of Frogs and Sflee 



Partition 

coeffiaent 

Narcotic 

cone 

volume y. 

Cone, in oleyl 
alcohol corre- 
sponding to 
narcotic cone 
Mol /I 

Fnjff Krtragtct i 

005 

9000* 

OIS 

Methane 

054 

760» 

017 

Mouse Methane 

054 

1 370* 

OOS 

Ethylene 

15 

' 800 

OtM 

Nitrous oxide 

14 

100 

006 

Acetylene 

1 8 

65 0 

0 05 

Dimethyl ether 

lU 

120 

006 

Methyl chlonde 

14 0 

65 

007 

Ethylene oxide 

310 

58 

0 07 

Ethyl chlonde 

405 

50 

008 

Diethyl ether 

500 

34 

007 

ter! Amyl alcohol 

65 0 

40 

010 

Methylal 

75 0 

28 

008 

Ethyl bromide 

95 0 

19 

0 07 

Dimethyl acetal 

100 

19 

006 

Diethyl formal 

120 

1 0 

005 

CHa=CHa 

130 

0 95 

0 05 

Carbon disulphide 

160 

1 1 

0 07 

Chloroform 

[ 265 

05 

0 05 


• Under pmsjre 


Meyer and Hemml (WJJ) 

tion, even though the concentration required is theoretically, less than that of 
n pentanol which produced death of the bactena (Ferguson 1939) This does 
not appear to be the explanation of the ‘cut off’ in narcotic activity at 
n undecanol, however (sec Fig XI 1) but it is possible that if the (thermo- 
dynamic) activities were plotted instead of the concentrations, the same 
phenomenon might be observed, i e the ‘cut-off’ may be due to the impos 
sibility of obtaimng a solution m which the (thennodynanuc) activity of 
«-dodecanoI and n tndecanol is high enough to produce the biological effect 
It IS also possible that the inactivity of the compounds should instead be 
asenbed to their high surface activity resulting m their being adsorbed 
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extensively at all surfaces including, for example, the walls of the vessel m 
which the tadpoles are kept 

Meyer and Hemmi (1935) measured the concentrations producing depres- 
sion for a wide range of compounds and their partition coefficients between 
oleyl alcohol and water Although the concentrations vaned several hundred- 
fold, the equivalent concentration of the drug m oleyl alcohol vaned less than 
3-fold (Table XI 2) In similar expenments with an even wider vanety of 
compounds, however, Meyer (1937) found that there was no correlation 
between depressant activity and surface activity at an air-water interface 
(Table XI 3) Although it is stnking that there is so little vanation in the 


TABLE XI 3 

Karcosls of Mice and Tadpoles 



CatnMie, 

mice 

Colerl kiM&ai 

Surface 

activity 

Methane 

370* 

__ 

0 

Nitrous oxide 

100 

0 06 1 

0 

Acetylene 

6S 

— 

0 

Cthyl chloride 

5 

0 07 

0 

Ether 

34 

009 

+ + 

Methylal 

28 

0 08 

+ + 

Carbon disulphide 

11 

— 

0 

Carbon tetrachloride 

06 

0 07 

0 

Chloroform 

05 

007 

0 



CotrooUc, 

udpoles 

C«l«rl tMM 

Surface 

activity 

Ethanol 

033 

0 033 

+ 

n Propanol 

on 

i 0 038 

+ + 

n Butanol 

0 03 

0 02 

+++ 

Valeramide 

007 

0021 

+ + 

Phenazone 

007 

0 021 

+ 

Amldopyrln 

003 

0039 

+ 

Ether 

0024 

0 05 

+ + 

Benzamide 

0013 

0 033 1 

+ + 

Sahcylamide 

0 0033 

0 021 

+ 

Phenobaibitone 

0008 

0048 1 

+ 

0 Nitroamhne 

0 002S 

0 035 ! 

+ 

Carbon disulphide 

oooos 

0 03 1 

0 

Chloroform 

000008 

0 026 

0 

Thymol 

0000047 1 

0M5 

+ 


Cnircoiis mice «=• concentration (volume %) m air producing narcosis in mice 
CasreoHt ladpoUs = Concentration (Mol A) ui Water pioducuig nafcosis m tadpoles 
Coi»ri Mcohoi = corresponding equilibrium concentration (Mol /I ) in oleyl alcohol 
0 = surface activity absent, 4- »= surface acbvity weak, +4-4- «= surface activity 
strong 

* Under pressure 
Meyer (,1937) 
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concentration of drug m oleyl alcohol corresponding to the concentration 
producing depression, it is impossible to base satisfactory arguments about 
the mode of actions of drugs on expcnments with model systems, such as 
oleyl alcohol and water, an air-watcr interface or a charcoal-water inter 
face Any attempt to reconstruct the situation in the living cell is bound to be 
unsatisfactory and lead to argument 

It IS possible, however, to demonstrate that these compounds are acting 
by a physicochemical mechanism without invoking the use of model 
systems Ferguson (1939) pointed out that in Meyer’s experiments with 
volatile or gaseous compounds the conditions were approximately those of 
equilibrium, because the animal was maintained at a steady level of depres- 
Sion for some time Although the concentration of the drug in the biophase 
could not be measured, the chemical potential m all phases would be the 
same at equilibrium, and consequently the chemical potential m the bio- 
phase would be the same as that in the inhaled mixture, which could be 
measured Now the chemical potential 



where G is the Gibbs Free Energy, n the number of molecules and T and P, 
the temperature and pressure, are constant If the chemical potential m a 
standard state is iie, the chemical potential, of this substance present in the 
inhaled mixture with a partial pressure pt (and behaving as a perfect gas) 
will be 

n = M + JIFln (pi) 

The value RTXnipdp,), where pt is the partial pressure in the anaesthetic 
mixture and p, the saturation vapour pressure of the compound at the 
temperature of the expcnments, should accordingly indicate the difference 
in Gibbs Free Energy between the molecule m the standard state and the 
molecule in the biophase, Ferguson therefore used the fraction ptjpt as an 
indication of the 'thermodynamic activity’ of a compound He calculated 
this fraction, using the results of Meyer to obtain pt and tables of physical 
constants for p,, and found that although the compounds differed widely in 
the concentrations which produced depr^sion (over 200-fold), the fraction 
pdpt was relatively constant (Table XI 4) These results are i ery similai to 
those of Meyer and Hcmmi (Tables XI 2 and 3), m which it was found that 
the concentration of the drug in oleyl alcohol corresponding to the concentra 
tion producing depression did not vary greatly from drug to drug The results 
of Ferguson’s calculations, however, cannot be cnticised on the grounds that 
they depend upon the validity of any particular model of the cell, their mam 
assumption is that the experiments are performed m conditions of equili- 
brium They imply that the biological activity depends primarily upon the 
thermodynamic activity, i e that A G, the difference m Gibbs Free Energy 
between the standard and biologically active states, is roughly the same for 
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TABLE XI.4 

Isonarcotic Concentrations of Gases and Vapours for Mice at 37“ C. 
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Substance 

Saturabon 
pressure, 37* 

Narcotic cone 
(% by volume) 

Activity 

(ptipi) 

Nitrous oxide . 


100 

0 01 

Acetylene 

51.700 

65 

001 

Methyl ether . 

6,100 

12 

002 

Methyl chloride 

5,900 

14 

DOl 

Ethylene oxide 

1,900 

S8 

0 02 

Ethyl chloride 

1,780 

SO 

002 

Diethyl ether . 

830 

34 

0 03 


630 

28 

003 

Ethyl bromide 

725 

9 

002 

Dimethyl acetal 

288 

1 9 

0 05 

Diethyl fonnal 

110 

1 0 

0 07 

Dichlorethylene 

450 

095 

002 

Carbon disulphide . 

560 

1 I 

002 

Chloroform . 

324 

05 

0 01 


(pt “ narcotic concentration x 760 mm , for example, pi!p$ for diethyl formal 


Ferguson U939). 


most compounds, regardless of the absolute values of G. The situation can 
be expressed pictorially thus: 


energy 

-C 

Standard 
1 state -j 

-1 

L AC 

1 Standard 

/ Biologically slate 3 

active sutc I 

k AC 

i’BioIogically 
active state 

First compound Second compound 

The fact that this fraction ptfpt is more or less constant was made use of in 


the development of the new general anaesthetic Halothane (see Suckling, 
1957) Fluorinated hydrocarbons are manufactured for use in refrigerators, 
and it was thought possible that compounds of this type might be used as 
non-inflammable anaesthetics. From the value of p» for the compounds, or 


even from their boiling-pomts, it was possible to predict the value of pt and 
hence the concentration which would produce narcosis (Table XI 5). 

Ferguson made similar calculations with other biological results, such as 
the ability of compounds to kill bacteria or insects and found that with these, 
too, the biological activity of many compounds appeared to depend upon 
their physical properties because the thermodynamic activity, pijpa, was 
more or less constant (for a review, s« Albert, I960). 
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TABLE XL5 

Boiling Point, Relationship Betneen Vapour Pressure, and Anaesthetic Con- 
centration for Halolbajw and Related Compounds 



BP 

Pt 

(20*Q 

Anaesthetic 
cone 
(per cenl) 

Pi 

PilP> 

FaC-CHDr» 

73 

nun Hg 
104 

0-4 

mm Hg 

3 

003 

FsC-CH*a 

6 

1,400 

80 

60 

004 

FsC-CHsBr 

26 

600 

28 

21 

004 

FsC-CH*! 

33 

200 

1 3 

10 

0 05 

F»C-CHBra (Haloihane) 

30 

243 

09 

7 

003 

aFsC-CHOj 

72 

110 

08 

6 

04)5 

FaC-CHBrCHj 

49 

260 

22 

17 

007 

FjC-a3» 

47 

280 

46 

33 

013 


Sucktinz (IKT) 


The discussion so far has been concerned with volatile of gaseous com- 
pouads It IS more diQicuIt to come to any conclusion about the actions of 
drugs in solution because Che chenucal potential, ix> oftbe concentration, C, 
producing depression will be 

ji «= no + ^In (cC), 

where a is the activity coeScient In the gaseous phase the analogous cor* 
recUon factor (the fugacity) can reasonably be omitted, but for substances m 
solution, particular in body fluids, such as blood, or in physiological saboe, 
the activities must be used rather than the concentrations, and there is con- 
siderable uncertainty about the values of these activity coefficients Brink and 
Postemak (1948), working with vanous kinds of nervous tissue, however, 
obtained results which appeared to be consistent with Ferguson’s hypothesis, 
and it seems likely that on certain tissues the actions of many inert molecules 
(but not of all drugs), in solution as well as in the vapour phase, depends 
upon then thermodynamic activity and is unrelated to chemical structure 
It IS not clear, nevertheless, how this action is brought about Mullins 
(1954) suggested that the interstices in the cell membrane become blocked with 
the molecules of inert drug and has been able to calculate, with some success, 
the thermodynamic activities of members of a homologous senes whidi 
should produce the same effects Rang (1960) has endeavoured to test Mul 
lins’ hypothesis for the effects of n aliphatic alcohols on the mobility of 
paramecia, the depression of the response of the guinea pig intestine to 
acetylcholine, the depression of oxygen consumption by lung tissue, and 
depression of the release of histamine from sensitized guinea pig lung His 
results do not agree particularly well with Mullins’ hypothesis, but it is very 
difficult to come to any definite conclusion because of the uncertainty as to the 
validity of the assumptions made in calculating the activity coefficients 
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One conclusion, however, can be reached from this work and that is that 
the pharmacological actions of the ‘unspecific’ compounds are essentially a 
chemical problem 

Some other drugs have also been discussed m this book, which are non- 
specific m a shghtly different sense These arc substances, usually of fairly 
large molecular weight, which have blocking activity at a number of sites 
Tubocuranne, for instance, has appreciable activity at ganglia as well as at 
the neuromuscular junction (page 134), more so than smaller neuromuscular 
blocking agents In particular, polymcthylene bis tnethylammomum salts, m 
contrast to polymethylene bis tnmethylammonium salts, have comparable 
blocking activity at both these sites, and this activity increases almost m a 
loganthmic fashion up to a maximum at the hcptadccametbylene com- 
pound It seems highly probable that the action of these compounds js due 
less to a high affinity for the acetylcholine receptor than to combination with 
receptor proteins by many Van der Waals* bonds This kind of binding may 
be particularly important with large molecules and it will be very interesting 
to see how far biologically active peptides and proteins will be found to be 
‘speafic’ m their actions As has already been mentioned (page 337), the 
mode of action of these large molecules is one of the great pharmacological 
problems of the immediate future, and it is a problem in which the chemist 
has a part to play which is not restneted to the elucidation of the structure of 
such compounds and to their eventual synthesis 

Coadosioa 

Chemists have an important contribution to make in pharmacology, by 
synthesizing drugs, by providing information about them, and by assisting 
m interpreting how they act It is hoped that this book will enable them to see 
the importance of all these aspects of their work and lead to greater co- 
operation between chemists and all others engaged in phannacoJogical 
research 



References 


CHAPTER I 

ALBERT, A (1960) iSWec/ive 7<Mr/c/0',2nd cd , especially Chapters II, III, and 
XIII London Methuen 

ariEns, E j (1954) Arch mt Pharmacodyn , 99, 32 
ARIMNS.E j,andDEOROOT,w M (1954) Arch Ini Pharmacodyn ,99, 193 
ariEns, E J,and VANROSSUM, J M (1957) Arch mt Pharmacodyn, UO, 
275 

ARitNs, E, j , VAN ROSSUM, J M . and siMONis, A H (1957) Pharmacol 
i?ev.9,218 

AUOUSTINSSON, K B (1948) Acia Physiol 15, supplement 52 

BECKETT, A H , and CAST, A F (1962) Progress in Medicmal Chemistry Vol 
2, edited by EUis and West, page 43 London Duttenvoiths 
CLARK, A j (1933) The Mode of Action of Drugs on Cells London Edward 
Arnold 

CLARK, A. J (1937) Handbueb der Experimentcllen Pharmakohgie Berlin 
Hefner, Springer 

CLARK, A /.andRAVENTOS,/ (1937) Quart / exp Physiol 26,375 
CLARK,A j,aadwHiTE,A c (1927) J Physiol, 63, Up 
DIXON, M (1953) Biochem 7,55,170 

DIXON, M , and WEBB, E c (1958) Enzymes London Longmans, Green and 
Co 

EDDV,N B (1959) Chemistry and Industry, 1462 
OADDUM, J K (1937) J Physiol, 69, 144 

GADDUM, J H , HAMEED, K A , HATHWAY, D E , and STEPHENS, F F 

(1955) Quart J exp Physiol, 40, 49 
HAMILTON,! T (1961) PhD Thcsis, University of Edinburgli 
HUNT, R (1918) Amer J PAysio/ , 45, 197 
kOnio, K (1927) Z ges exp Med,56,^Z\ 

LANGLEY,! N (1878) J Pliysiol ,1,339 
LANGLEY, I N (190^ J Physiol ,33,314 

LmEWEAVER,H, and BURK, D (1934) J Amer chem Soc, 56, 658 
MILLER, L. c., BECKER, T ! , and TAiNTER, M L (1948) J Pharmacol ,92, 
260 

PATON, w D M (1961) Proc roy Soc, B,1S4,2\ 

SCHILD, H o (1947) Brit P Pharmacol ,2, 189 
sciiiLD, H o (1954) J Physiol ,iM,33P 
SCHILD, H O (1957) Pharmacol Rev, 9,242 
STEPHENSON, R P (1956) Bni J Pharmacol, It, 379 
388 



References 389 

VAN HEYNXNOEN, w E (1950) Bacterial ToXins Oxford Blackwell 
WENTZEL, L M , STERNE, M , and POLSON, A (1950) Nature, 166, 739 


CHAPTER H 

ALBERT, A (1960) SelecJiie Toxicitjf, 2Dd cd London Methuen ' 
ariEns, e j , and van rossum, j m (1957) Arc/i mt Pharmacodyn , 110, 
275 

ARUNLAKSHANA,0,and SCHILD.H o (1959) Bnt J Pharmacol ,14, 
BARLOW, R B.andiNG, H R (1948) Bnt J Pharmacol ,3, 29Z 
BEVAN, J A (I960) / Phannacol, 129, 417 
BLISS, C 1 (1938) Quart J Pharm , 11. 192 
BRODIE, B B (1956) J Pharm Pharmacol, B, 1 

BRODIE, B B, GILLETTE,! R, and LA DU, B N (1958) Ann Rev Biochem , 

27, 427 

BRODIE, B B , and HOGBEN, c A M (1957) / Pharm Pharmacol , 9, 345 
bOlbrino, E (1946) Bnt J Pharmacol ,1,3S 
bUlbrino, e , and wajda, i (1945) J Pharmacol , 85, 81 
BURN,! H, FINNEY, D !, and GOODWIN, L o (1952) Btologicol Standard- 
ization, 2ad ed London Oxford University Press 
CHOU, T c (1947) Bnt J Pharmacol ,2 , 1 

CLARK, A ! , and RAVENTOS, ! (1937) Quart J exp Physiol ,26,315 
DIXON, M, and WEBB,B c (1958) Enzymes London Longmans, Green and 
Co 

DU BOIS, E F (1948) Fe\er, American Lecture Series, No 13 Springfield 
Thomas 

OADDUM, ! H (1945) Nature, 156, 463 
GADDUM, I H (1957) Pharmacol Rev ,9,2\\ 

OADDUM,! H,HAMEED, K A, IIATIIWAY, D E, and STEPHENS, F F 

(1955) Quart J exp Physiol , 40, 49 
GUARINO, s , and BOVET, D (1949) RC Jst Sup San, 12, 215 
INC, H R., and WRIGHT, w M (1931) Pfoc Roy Soc , B, 109, 331 
LITCHFIELD,! T , and WILCOXON, F w (1949) J Pharmacol , 96, 99 
MARSHALL, P B (1955) Bnt J Pharmacol , 10, 270, 354 
REUSE,! ! (1948) Brit J P/iormaco/ , 3, 174 
SCHILD, H o (1947) Bnt J Pharmacol, 2, 189,251 
SCHILD, H o 0949) Bnt J Pharmacol ,4,111 
SCHILD.H o Q957) Pharmacol Rev ,9,242 

SCHILD, H 0 (1960) Adrenergic Mechanisms, p 220 London Vane, 
Wolstenholme, and O’Connor, Churchill 
SCOTT, K A (1962) PhD Thesis University of Edinburgh 
VAN WIJNOAARDEN, D L (192Q Arch exp Path Pharmak , 113, 40 
WILLIAMS, R T (1959) Detoxication Mechanisms, 2nd cd London Chap, 
man and Hall 



390 


Introduction to Cltemtcal Pharmacology 


CHAPTER JII 

ADAMS, R , RIDEAL, E K , BURNETT, W B , JENKINS, R L , AND DREOER, 
E E (1926) J Anter chem Soc y4i, 1758 
ANREP, R VON (1880) PJlug Arch ges Physiol 21, 38 
AstrOm, A.aodpERSSON.N H (1961) Srtt J Pharmacol ,16,32 
BAUM.r (1899) Arch exp Path Pharmak,42, 119 
BELL, R p (1958) Endeavour, 17, 31 

BENNETT, A L , and CHINBURG, K G (1946) J PAarmcco/ , 88, 80 
BBNNETT.A L, WAGNER X c, and MCINTYRE, A R (1942) / Pharmacol, 
IS, 125 

BEYER, K H , LATVEN, A R , FREYDURGBR, W A , and PARKER, M P 
(1948) J Pharmacol ,93, ‘iiZ 
BIANCKI, c. (1956) Bril J Pharmacol, II, 104 
BONAR, M L,andS0LLMANN, T (1921) J PAarwaco/ , 18, 467 
BOROVANSKY, A , SEKERA, A , and VRBA, c (1959) ExpeneMla, 15, 270 
bOchi, J.LABIIART, P.andRAGAZ, L.(194^ Helv chim Acta, 30, 507 
aOCIir, J, LAUENER, O, RAOAZ, t bOniGER, H, and LIEBERHERR, R 

(1951) Helv chlm /Ic/a, 34,278 

bOchi J,LiEDERHERR,R,andRAOAZ,t (1951) Helv chim Acta, 34, 13S0 
bOchi, J.andPERLiA, X (I960) Arzneimluel Porsehung, 10, U7 
BDcfir, J, RAOAZ, L., and lieberherr, r (1949) Heir chim Acta, 32, 
2310 

BOCHI, j , STONZI, E , FLURY, M , HIRT, R , LADHART, P , and RAOAZ, L 
(1951) ffelv chim Acta , 34, 1002 
bOlbrino, £., and wajda, i (1945) J Pharmacol, 85, 78 
CHANCE, M R A , and lodstein, H (1944) J Pharmacol , B2, 203 
CONDOURIS, O A (1961) J Phormacol ,131,243 
DANIelli.J f (1958) Surface phenomena m chemistry and blahgy,edttedby 
DanicUi, Pankhurst, and Riddiford, p 246 London Pcrgamon Press 
DOFEK, R , and VRBA, C. (1959) Experienlia, 15, 120 
DOUGLAS, w w , and RITCHIE, J M (I960) / Physiol , 150, 501 
EHRLICH,P (1890) Disch med Wschr ,16,717 
EHRLICH, P , and EINHORN, A (1894) Ber Dlsch chem Cm, 27, 1870 
EINHORN, A (1905) Dtsch med IKjcAr, 31, 1668 
EiNttORN, A , and VHLFELDER, E (1909) Lteiigs Ann , 371, 131 
EISENMAN, o,RUDiN, D o,andcASBY,j u (1957) Science, 126, 831 
EXLEY, K A (1957) Bnt J Pharmacol , 12, 297 
FELLOWS, E J,andMACKO E (1951) / Pharmacol , 103,305 
FINDLAY, S P (1954) J Amer chem Sac, 76, 2855 
FINDLAY, S P (195Q / Org Chem, 21,711 

FODOR, o (1960) The Alkaloids, edited by Manske and Holmes, p 145 
New York Academic Press 

FOSTER, R.lNO.H jL,andvARAGic,V (195^ Brit J Pharmacol ,10,436 

FOURNEAU, E (1904) CR Acad Sci Pam, 138, 766 

FOURNEAU, E , and SAMDAHL, B (1930) Bull Soc chim Fr, 47, 1003 



References {Chapter III) 391 

fOssganger, R, and scHAUMANN o (1931) Arch exp Path Pharmak, 
160, 53 

GOTTLIEB, R (1923) Arch exp Path Pharmak, 97^ 113 
GRAV, w H (1925) J Chem Soc , 1150 

GREiG.M E, HOLLAND, w c ,andLiNDviG,p B (1950) Brtt J Pharmacol , 
5,461 

GYERMEK, 1, (1953) Nature, 171, 787 

HANSEN, H L,, and FOSDiCK, L s (1933) J Amer chem Soc,SS,2il2. 
HARDEGQER, E , and OTT, H (195^ Hclv chm Acta, 38, 3i2 
HEUSNER, A (1957) Z Naturforsch , llB, 602 

HERR, F , NYIRI, M , and PATAKY, G (1953) Arch exp Path Pharmak , 
217, 207 

HEY, P , and WILLEY, G L (1954) Brit J Pharmacol ,9, All 
HiNKE, J A, M (1959) Nature, 184, 1257 
HINKE,J A M (1961) J Physiol ,IS6,3\4 

HIRSCHFELDER, A D , and DIETER, R N (1932) Physiol Rev , 12, 190 
HODGKIN, A L (1958) Proc roy Soc, B, 148, \ 

IMPENS, E, and HOFMANN, F (1905) PJlug Arch ges Physiol , 110, 21 
KALOW, w (1952) J Pharmacol , 104, 122 
KALOW, w, and maykut, m o (1956) J Pharmacol , 116, 418 
KINO, H (1924) J Chem Soc , 41 

KOVACS, 0 , FODOR, o, and wEisz, J (1954) Helv chm Acta, 37, 892 
KUNA, s,aadsEELER, A o (1947) J Pharmacol , 90, \8l 
LANDS, A. M, and HOPPE, J 0 (1956) J Pharmacol ,117,89 
LANGMUIR,!, and SCHAFFER, V J (1936) J Amer chem 500,58,284 
LiPSCHiTZ,w,andLAUBENDER,w (1929) Klin IPwAr , 8, 1438 
LbFGREN, N (1946) Arkiv Kemi Min Goo/,22/4, No 18 
LUDUENA, F p (1957) Arch int Pharmacodyn , 109, 43 
LUDUBNA, F p , and HOPPE, J o (1952) / Pharmacol ,104, AO 
LUDUENA, F p , HOPPE, J o , and BORLAND, s K (1958) J Pharmacol, 
123, 269 

LUDUENA.F P, HOPPE, J O.NACHOD F C, MARTINI, C M , and SILVERN, 
G M (1955) Arch mt Pharmacodyn ,101,17 
M J Amer them 

MACHT, D I (1918) J Pharmacol ,12,263 

MACINTOSH, F a, and work, t s (1941) Quart J Pharm , 14, 17 
MARK, L C, KAYDBN, H J, STEELE, I M, COOPER, J R, BERLIN, I, 
ROVENSTINE, E A,andBRODiE B B (1951) J Pharmacol , 101, 3 
MEYER, K H (1937) Trans Faraday Soc ,3i3, 1062 
MONGAR, J L (1955) Brit J Pharmacol ,10, 2A0 

NADOR, K , HERR, F , PATAKY, G , and BORSY, s (1953) Nature, 171, 788 
NADOR, K , HERR, F , PATAKY, o , and BORSY, I (1953) Arch exp Path 

Pharmak , 217, 447 

POULSSEN, E (1890) Arch exp Path Pharmak ,27,301 
RAMSEY, H , and HAAG, H B (1947) J P&ifTnoco/ , 90, 190 
RIDER, T H (1930) J Pharmacol ,39, A57 



392 Introduction to ChemicaJ Pharmacology 

R!NGK,w F,and EPSTEIN, £.(1943) J Amer chem SoCy65. 1222 
RITCHIE, J M,andGRnENGARD, P (1961) J Pharmacol y 123, 241 
ROHMANN, c,andscHEURi.E,B (193Q Arch Pharm Perl, 274, 110,225, 
236 

ROTHLIN, E (1929) Arch exp Path Pharmak , X44, 197 
RYMAN, B E, and WALSH, E.0 (1955) J Pharm Pharmacol ,7,341 
SCHULEMANN, w (1924) KIm Wschr,3,676 
SHANES, A. M (1958) Phormacol Rev, Id, 59 
SHANES, A M, and BERMAN, M D (1959) J Pharmacol ,125,3X6 
SKOU, J C (1954) Acta Pharm ettox 10, 281 

SKOU, J C. (1954) Acta Pharm ei tox Scand, 10, 292, 297, 305, 317, 325 
SKOU,J C (195Q Aclapharm ettox 5cani/, 12, 109, 115 
SKOU, J c (1961) J Pharm Pharmacol^ 13, 204 
SOLLMANN, T (1918) J Pharmacol , II, 1 and 17 
SOLLMANN, T (1918) J Phamiacol , 11, 69 
STEINKOPP, w, andOHSE, w (1924) Liebigs Ann, 437, 14 
STRAUB, R (1956) Arch int Pharmacodyn , 107, 414 
TREVAN, J w , and BOOCK, E (1927) Brit J exp Path , 8, 307 
TRUANT, A p (1958) Arch int Pharmacodyn , 11$, 4%3 
USSING, H H (1954) Ian Transport across A/embranes, edited by Clitke and 
Nachmansohn, p 3 New York Academic Press 
VINCI, C (1896) VirchonsArch Path Anat,14S,78 
VINCI, o (189^ Virchows Arch Path Anat ,149,217 
VLIET.E B,andADAMS,R (1926) / Amer chem S’ec, 48,2158 
VOLWILER, E H (1920) Science, S3, 145 

VON BRAUN, J , BRAUNSDORF, o, and rAth, K (1922) Ber Dtsch chem 
Ges , 55, 1666 

VON BRAUN, J , and mUller, E (1918) Ber Dtsch chem C?er,51,235 
VON BRAUN, J , and RATH, K (1920) Ber Dtsch chem Ces , S3, 601 
WATTS, D T (1949) J Pharmacol ,96,325 

WElDMANN.H, and PETERSEN, P V (1955) J Pharmacol 115,246 
willstAtter, R (1896) Ber Dtsch chem <7ej,29, 1575,2216 
WINTERSTEIN, o (1927) Munch med IKjcAr,1746 
ZAiMis, E.J (1961) Demonstration to British Pharmacological Society 
ZEILE, K , and SCHULZ, w (1956) Chem Ber, 89,678 


chapter IV 

ahlquist, R p (1948) Amer J Physiol ,153,586 
BACQ Z M (1933) Arch int Physto! ,36,167 
BARGER, G, and DALE, h H (1910) / Physiol, 41, 19 
BUTTERWORTH, K R , and MANN, M (1957) R'lt J Pharmacol , 12, 415, 
422 

CANNON, w B.andROSENBLUETH A. (1933) Amer J Physiol , 104, 557 
CHANO.H a, andGADDUM,J H (1933) / Physiol ,79,255 
DALE, H H (1914) / Pharmacol , 6 , 147 



References 393 

DALE, H H , and DUDLEY, H \v (1929) 3 FhysioJ , 68, 97 
DALE, H H , and FELDBERG, \v (1934) / , 81, 39P 

DALE, H H , FELDBERG, w , and VOGT, M (1936) J Physiol , S6, 35Z 
DAWES, G s (1947) J P/iarmaco/, 89, 325 
DAWES, G s , and comroe, j h (1954) Physiol Pei , 34, 167 
DAWES, c s, aodFASTiER, F N (1950) Bnt J Pharmacol , S, ^22 
DAWES, G s, and MOTT, J c (1950) Bnt J Pharmacol , S, 65 
ELLIOTT, T R (1904) J Physiol,3ly 157 
ELLIOTT, T R (190^ J Physto/ ^ 32^ 401 
FELDBERG, w, and GADDUM, J II (1934) J Phystol , SI, 305 
FELDBERG, w, and MiNZ, B (1933) Pflug Arch ges Physiol , 233, 651 
FELDBERG, w, and VARTIAINCN, A (1934) J Physiol , S3, 103 
GADDUM, J If (1936) Gefasscnfeuernde Stojffe der Gewebe Leipzig G 
Thierne 

GADDUM,! H, and GOODWIN, L G (1947) J Physiol ,\0S,351 
HESS, w R (1923) Quart J exp , Supplement, p 144 

HOLTZ, P, CREDNER, K, and KRONBERG, c (1947) Arch exp Path 
Pharmak , 204, 228 

KlBJAKOW, A w (1933) Pflug Arch ges Physiol , 232,432 
LOEWI, o (1921) Pflug Arch ges Physiol ,\S% 239 
PEART, w s (1949) J Physiol, 108,491 

PITT, o A J, and MORTON, R A (1960) Biochem Soe Symposium 
Number 19, p 67 

VON EULER, u s (1946) Ada Physiol Seand, 12, 13 
WEST, a B (1950) Bnt J Pharmacol , 5, 542 


CHAPTER V 

ACHESON, G H (1948) Federation Proceedings, 7, 447 

AKCASU,A,siNHA,Y K , and WEST, C B (1952) Bnt J Pharmacol ,7,331 

ANDREWS, K J M ,BERGEL,F , and MORRISON, A L (1953) J Chem Soc , 
2998 

ariKns.e J.andDEOROOT, W M (1954) Arch ml Pharmacodyn ,99, 193 

ariEns, e j , siMONis, A M , and de groot, w m (1954) Arch ml 
Pharmacodyn , 100, 298 

ARifiNS, E J , and VANROssuM, ! M (1957) Arch int Pharmacodyn , HO, 
275 

ARNOLD, W, HESSE, M, HILTEBRAND, H MELERA, A, PHILIPSBORN, 
w VON , SCHMID, H , and KARRER, p (1961) ffelv cfiim Acta, 44, 
620 

AXELSSON, J , and thesleff, s (1958) Acta Physiol Scand, 43, 15 

BAKER, L R.FOLDES, F F , BIRCH, J A , and D’SOUZA, P B (1957) Bnt 
J Anaesthes , 29, 303 

BARLOW, R E (1964), ziticlo m IVenner’Gren Center International Sympos- 
ium on Tobacco Alkaloids and Related Compounds, Pergamon Press 



394 Introduction to Ckemiad Pharmacology 

BARLOW, R B, BLASCHKO, H , HIUMS, J M , and TRENDELENBURG, U 
(1955) Bnt J Pharmacol, 10, 116 
BARLOW, R B, and HAMILTON, J T (1962) Brit J Pharmacol, 

BARLOW, R B , and INO, H R (1948) Nature, 161, 718 
BARLOW, R B , and INO, H R (1948) Pnt J Pharmacol, 3, 298 
BARLOW, R B (1955) Brit J Pharmacol 

BARLOW, R B, ROBERTS, T D M, and REID, D A (1953) J Pharm 
Pharmacol , 5, 35 

BARLOW, R B, SCOTT, K A, and STEPHENSON, R P (1963) Bnt 
J Pharmacol , 21, 509 

BARLOW, R B , and ROLLER, A (1962) Bril J Pharmacol , 19, 485 
BARLOW,B B,andzoLLER,A (1964) Bnt J Pharmacol, mpnss 
BATTERSBY.A R , and HODSON, H F (1960) Quart Itev chem Soc ,14,11 
BATTERSBY, A R , YEOWELL, D A , JACKMAN, L M , SCHROEDER, H D, 
HESSE, M , HILTEBRAND, H , PHILLIPSBORN, W VON , SCHMID, H , 

and KARRER P (1961) Proc chem Soc, 413 
BENNETT, A E., MCINTYRE, A. R , and BENNETT, A L. (1940) J AmCr med 
Ass , 114, 1791 

BERNARD, C (1857) Lecons sur les ^etsdes Substances Toxiques ct Medtca 
menteuses, pp 238*353 Pans 

BlCK, I R c, andcLEZY, p s (1953) J Chem iSoc, 3893 
BIRKS,R, HUXLEY, H E , and KATZ, D (I960) / Physiol,lS0 , 134 
BODMAN, R I (1952) Bnt J Pharmacol, 1,4X19 

BOEKELHEiDE, v,ORUNDON, M F , and WEINSTOCK, J (1952) J Amer 
chem Soc , 74, 1866 

BOEKELHEIDE, V, WEINSTOCK, I, ORUNDON,M F , SAUVAGE, O L , and 
AONELLO B / (1953) J Amer chem Soc, 75, 2550 
BOEHM, R (1908) Arch exp Path Pharmak ,58,265 
BOVET, D (1959) Curare and Curare Itke Agents, cdiXtd\>yBoscX,'Ehzy\eT, 
Amsterdam, p 25Z 

BOVET, D (1951) Ann NY Acad Set, 54 407 
BOVET-NITTI, F (1949) Rend 1st sup Samta.lZ, 138 
BOVET, D , BOVET-NITTI, F , OUARINO, S , LONOO, V O , and FUSCO, R 
(1951) Arch int Pharmacodyn ,88, I 

BOVET, D , BOVET-NITTI, F GUARINO, S , LONGO, Y O , and MAROTTA, 
M (1949) Rend Jsl sup Sarnia, 12 , 106 
BOVET, D , COURVOISIER, S , DUCROT, R , and HORCLOIS R (1946) C R 
Acad Set Paris, 223, 597 

BOVET, D , DEPRIERRE, F, and DELESTRANGE Y (1947) CR Acad Sci 
Pans, 225 74 

BOWMAN, w C (1958) Bnt J Pharmacol , 13, 521 

BOWMAN, W c, and rand m j (1961) Brit J Pharmacol , 17, 176 

BOYD, I A and MARTIN, A R (1956) J Physiol , 132, 74 

BROWN, o L., DALE, H H , and FELDBERG, w (1936) J Physiol , 87, 394 

brOcke, H, and REIS, H (1954) IVien Med IKjcAr , 104, 283 

bOlbring, £.(1946) Bnt J Pharmacol, 1,38 



References (Chapter V) 395 

BURNS, D D , and PATON, WDM (1951) J Ph}siol , H5, 41 
BUTTLE, o A H , and zAiMis, E 3 (1949) J Pharm Pharmacol, 3, 991 
CASTILLO, J D , and KATZ, B (195^ J Physiol, 157 
CASTILLO, J D , and KATZ, B (1957) Proc roy Soc , B, 146, 339 
CASTILLO, / c, PHILLIPS, A p , and DC BEER, £ J (1949) J Pharmacol , 
97, 150 

CAVALLiTO, c J (1959) Cware and Curare like Agents, edited by Bovet, 
Elsevier, Amsterdam, p 288 

CAVALLiTO.aJ (1962) Curare and Curare Uke Agents, tdiXedhy'De'Renck, 
p 55 London Churchill 

CHANG, H c,andGADDUM, J H (1933) J Physiol , 19, 255 

CHEyjfOL, /, DELABY, R , CHAQRIER, P, NA/ER, H, and DOURILLET, F 

(1954) Arch int Pharmacodyn , 98, 161 
CHILD, K J , and ZAIMIS, E J (1960) Bru 3 Pharmacol ,\S, AM 
CLARK, A J, and RAVENTOs, / (1937) Quart J exp Physiol ,26,315 
COHEN, J A , and WARRiNGA, M o P J (1953) Biochim Biophys Acta, 
11,52 

COLE, W V (1957) J comp Neurol ,16Z,AA5 
COLLIER, HO/ (1952) Bnt J Pharmacol, 7, 392 
COLLIER, H 0 / ,andMACAULAY, D (1952) Bnt J Pharmacol, 7, 39i 
COLLIER, H 0 J , PARIS, s K , and WOOLF, L 1 (1948) Nature, 161, 817 
CRUMBROWN, A , and FRASER, T R (1869) Trons roy soc Edmb , 25, 151, 
693 

DALE, H H, and GASSER, H s (1926) 3 Pharmacol ,29, 53 
DALLEMAONE,M J , and PHILIPPOT, E (1952) Bnt J Pharmacol ,7, 
DBBEER,E J , CASTILLO, J C , PHILLIPS, A P , FANELLI, R V,WNUCK, 
A L , and NORTON, S (1951) Ann N Y Acad Set , 54, 362 
DELLA BELLA, D , VILLANI, R , and ZOANAZZI, o F (1956) Arch exp 
Path Pharmak , 229, 536 

DELLA BELLA, D, VILLANI, R, and ZUANAZZI.G F (1956) Boll SOC Ital 
Btol sper , 32, 483 

ECKFIELD, D k, (1959) J Pharmacol, 126,21 

ELLIS, C H.WNUCK, A L , FANELLI, R V , and DE BEER, E J (1953) 3 
Pharmacol , 109, 83 

ERSPAMER, V (1959) Arch Biochem , 82, 431 
BRSPAMER, V , and OLASSER, A (1957) Bnt 3 Pharmacol ,11 , 176 
ERSPAMER, V , and GlXsser, A (1958) Bnt 3 Pharmacol , 13, 31% 
ERSPAMER, V , and GLASSER, A (I960) Bnt 3 Pharmacol , 15, 14 
FATT, p , and KATZ, B (1951) 3 Physiol ,\lS,32ii 

FOLDES, F F (1959) Curare and Curare like Agents, edited by Bovet, 
Elsevier, Amsterdam, p 425 

FRANK,E., NOTHMANN, M.andHIBSCHKAUFMANN, H (1922) PflUg Arch 
ges Physiol , 197, 270 

FREY, R (1956) Proc World Congress of Anaesthesia, p 262 Schevenmgen 
GASSER, H s, and DALE H H (1926) 3 Pharmacol ,28,231 
GILL, E w , and ING, H R. (1958) IlParmaco, 13, 244 



396 Introduction to Chemical Pharmacology 

OINSBORG, B. L. (I960) / Ph}sioI , 154 , 581 

OINSBORO, B L.and WARRINER, j (1960) Brit J Pharmacol , IS, 410 
CINZEL,K H.KLUPP, II, KRAUpP.O, and WERNER, G (1953) Arch €Xp 
Path Pharmak,in, 173 

OINZEL, K, H , KLUPP, H , and WERNER, G (195!) Arch exp Path Phar- 
mak , 213, 453 

olXsser, a , and pasini, c (1960) IIFarmaco, 15, 493 
GRAHAM, J, and GERRARD, R w (1946) J Cell comp Physiol ,2%, 99 
GRIFFITH, H R , and JOHNSON, C E (1942) Anesthesiology,2,A\Z 
OYERMEK, L, and NADOR, K (1957) J Pharm Pharmacol ,9,209 
HAiNiNO, c G,JOHNSTON,R G,andsMiTH,j M (I960) But J Pharma- 
col, IS, 11 

HANSON, A w (1963) Proc Chem Soc, 52. 

HESSE, M, HILTEBRAND, H, WEISSMANN, C, PHILIPSBORN, W VON, 
BERNAUER, K , SCHMID, H , and KARRER, P (1961) Nelv chim Acto, 

44,2211 

HEY, P (1952) Brit J Pharmacol ,1, Ml 

HOLMES,? E B,JENDEN,D J , and TAYLOR, D B (1951) J Pharmacol ,103, 

382 

HOLMSTEDT, B, and WHITTAKER, V p (1958) Brit J Pharmacol , 13, 
308. 

HOLTON, p , and INC, H R (1949) Bril J Pharmacol , 4, 190 

HOPPE, J 0 (1950) J Pharmacol , 100, 333 

HOPPE,; o (1951) Ann NY Acad 395 

HOUOS, w (1957) Acta Pharm etTox Scand, 13, 410 

HUDSON, C s , and neuberger, a , (1950) J Org Chem , IS, 24 

HUOUENARD, p, and BOOi, A (1948) Presse M^d,S7,81 

HUNT, R , and TAVEAU, R DE M (1906) Brit med J , 2, 1788 

hunter, A R (1953) Bnt J Pharmacol ,0,\\5 

ING, H R (193Q Physiol Rev, 10, 527 

ING, H R (1949) Science, 109, 264 

ING, H R , KORDIK, P , and TUDOR WILLIAMS, D P H (1952) Brit J 
Pharmacol , 7 , 103 

ING, H R, and WRIGHT, w M (1931) Proc toy Soc , B, 109, 337 
INC, H R , and WRIGHT, w M (1933) Proc roy ^oe , 114, 48 

ISSBKUTZ, D (1952) Arch exp Path Pharmak , 215, 283 
JACOBI, H P,STRESZ,P A , and MCINTYRE, A R (1950) J Pharmacol ,99, 
350 

JENDEN, D J , KAMIJO, K , and TAYLOR, D B (1951) J Pharmacol , 103, 
348 

JENKINSON, D H (1960) / PhystoJ ,1S1,30B 
JEWELL, P A., and ZAIMis, E. J (1954) J Physiol, 124, 417 
KALOW, w (1954) J Pharmacol , 110, 433 
KARCZMAR, A G (1957) J Pliarmacol ,119,39 

KARRER, p (1959) Curare and Curare-hke Agents, edited by Bovet, Elsevier, 
Amsterdam, p 125 



References {Chapter V) 397 

KATZ, B (1958) Bull Johns Hopkins Hasp , 102, 275 
KATZ, B , and THESLEFF, s (195^ J Physiof 138, 63 
KENSLER, C J (1950) Bnt J Pkarnuicol ,5,204 

KENSLER, C J , ZIRKLE, C L , MATALLANA, A , and CONDOURIS, O (1954) 
J Pharmacol, 112,210 

KERp, L (1957) Arch wt Pharmacodyn, 112, 134 

KEYL, M J.MICHAELSON, 1 A , and WHITTAKER, V. P (1957) J Physiol , 
139, 434 

KEYE, Jf 3 , and WHITTAKER, V p (1958) Bril J Pharmacol , 13, 103 
klMURA, K K,anduNNA, K R (1950) J Pharmacol , ^8, 2%6 
KiMURA, K K , UNNA, k R , and PFEIFFER, C c (1949) J Pharmacol , 95, 
149 

K1NG,H (1935) J Chem Soc . 1381 
KING, H (1936) J Chem Soc , 1276 
KING, H (1948) J Chem Soc , 265 
XING, H (1947) J Chem Soc, 936 

KiRSHNER, L B , and STONE, w E (1951) J gen Physiol , 34, 821 
KLUPP, n , KRAUPP, 0, STORMANN, ll,and STUMPF, c (1953) Arch ml 
Pharmacodyn ,96, 161 

KOKETSU, K (1958) Amer J Physiol ,193,2X3 
KOLLIKER, A (1856) Virchow's Arch Palh Anal, 10, 3 
KRAUPP, 0, KLUPP, H, STORMANN, II and STUMPF, c (1954) Arch exp 
Path Pharmak , 222, 180 

KRNJEVIC, K.andMiLDEi, R (1958) iViHura, 182, 805 
kOlz, F (1923) Arch exp Path Pharmak , 98, 339 
LAIDLAW, P P (1913) J Pharmacol , 4, 461 
LANGLEY,! N (1907) J Physlol , 36, 341 
LANGLEY,! N (1907) / Physiol , 41, 159 

LEVIS, s , PREAT, s , and DAUBY, / (1953) Arch int Pharmacodyn , 93, 46 
LILEY, A W (1956) J Physiol ,133, 51\ 

LILEY.A W (1956) J Physiol, 134, 421 

LING, G , and GERARD, R w (1949) J Cell comp Physiol , 34, 383 
MACINTOSH, F c (1959) Canad J Diochem Physiol ,31,343 
MACINTOSH, F C, DIRKS, R I , and SASTRY, P B (1956) IVo/Mre, 178, 1 181 
MARSH, D F,SLEETH, c K , and TUCKER, E B (1948) J Pharmacol ,93, 

109 

MARSHALL, c R (1916) Tfons roy Soc Edinb , 50, 17, 279, 481 
MARSZAK, I , lACOD, J , andouERMONT, J P (1953) CR Acad Sci Paris, 
237, 1184 

MASON, D F J, and WIEN, R (1955) Brit J Pharmacol , 10, 124 

MATTOCKS, A M , and HOLTAN, s D (1949) J Pharmacol , 96, X\4 

MCPHAIL, A T, and SIM, o A (1961) Proc chem Soc,4\6 

MiLEDi, R (1960) J Physiol ,151,24 

MiLEDi, R (1961) J Physiol , 154, 190 

MINZ, B (1932) Arch exp Path Pharmedc ,161,85 

MiNZ, B (1932) Arch exp Path Pharmak , 168, 292 



398 Introduction to Chemical Pharmacology 

MUSHIN, W W , WIEN, R , MASON, D F and LANGSTON O T (1949) 
Lancet, 1, 726 

NADOR, K (1960) Arch exp Path Pharmdk , 238, 127 
NASTUK, w L. (1951) Federation PTOceedmgs,VS,^6 
NASTUK, w L (1951) Federation Proceedings 12, 102 
NASTUK, w L, and HODGKIN, A L (1950) J Cell comp Physiol ,35,39 
ORGANE, o, PATON, w D M , and ZAiMis, E J (1949) Loncet, 1, 21 
ORMEROD, w E (1956) Srit J Pharmocol , 11,267 
PATON, w D M, and PERRY, w L M (1951) Brit J Pharmacol ,6,299 
PATON, WDM, and WAUD, d r (1962) Curare and Curare like Agents, 
edited by De Reuck, p 34 London Churchill 
PATON, w D M,andZA!Mi$,E J (1948) Nature, 161,713 
PATON, w D M , and ZAiMis,E J (1949) Bnt J Pharmacol ,4,331 
PATON, WDM, and zaimis, e j (1950) Lancet, 2, 568 
PATON, WDM, and zaimis, e j (1952) Pharmacol Rev , 4, 219 
PELOUZB, T J, and BERNARD, c (1850) CR Acad Set Pom, 31, 533 
PHILIPPOT, E.andsCHLAO,/ (1956) Arch int Pharmacod}n , 106, 260 
PHILLIPS, A P (1949) J Amer chem Soc, 71, 3264 
QUILLIAM.J p (195^ Brit J Pharmacol ,11,333 
RANDALL, L. o (1951) Ann NY Acad Sei, 54, 373 
RANDALL, L o (1952) J Pbarmacot ,105,7,16 
RAVENTOS, J (1937) Quart J exp Physiol ,16,361 
ROBERTS, D V (1961) J Physiol ,l&i, 94 

ROBSON, ; M , and keele, c a (1950 Recent Adiances m Pharmacology, 
2nd ed , p 43 London Churchill 
SALAMA, s , and WRIGHT, s (1951) Bnt J Pharmacol , 6, 459 
SCHUELER, F W (1955) J P/romioco/ , 115, 127 
SCHUELER, F w, and HANNA c (1952) J Amer chem Soc, 74, 2112 
SCHUELER, F w , and KEASLINO, H H (1956) J Amer Pharm Ass, 45, 
792 

siMONART, A (1932) J PAof/wflco/ , 46, 157 

SMITH, C M.PELIKAN, E W . MARAMBA, L. R., and UNNA, K R (1953) J 
Pharmacol , 108, 317 

STRAUGRAN, D w (1960) Brit J Pharmacol ,15, 417 

TABACHNIK, I I A , ROTH P E , MERSHON, J , RUBIN, A A , ECKHARDT, 

E r, and qoviek, w m (1958) J Pharmacol, 123, 98 
TAYLOR, D B (1951) Pharmacol Rev, 3, 412 
TAYLOR, E P (1951) J Chem Soc, 1150 
TAYLOR, E P (1952) J Chem Soc, 142 
TAYLOR, E p (1952) J Chem Soc , 1309 
TELLA,A (1960) M Sc. Thesis, University of Edinburgh 
THESLEFF, s (1955) Acto Physlof Scand, 34, 218 
THESLEFF, s (1955) Acta Pharm etTox Scand, 11, 179 
THESLEFF, S (1958) Acta Atiaesthes Semd ,2,69 
THESLEFF, s (I960) J Physwl , 151, 598 
THESLEFF, s (I960) Pk)siol Rey,AB,734. 



References 399 

THESLEFF, s.anduNNA, K R (1954) J Rhamacol 
UNNA, K R , and GRESLIN, J 0 (1944) J Pharmacol , SO, 53 
UNNA,K R,KNIASUK,M, and GRESLIN, J C (1944) J Pharmacol , SO, Z9 
UNNA.K R,PELIKAN,E W , MACFARLANE, D W,CAZORT,R J.SADOVE, 

M S, NELSON, J T , and DRUCKER, A P (1950) J Pltarmaco! , 9S, 
318 

UNNA, K R, PELIKAN, E W, MACFARLANE, D W, and SADOVE, M S 

(1950) J Pharmacol, 100,201 
VANMAANEN, E F (1950) J Pharmocol ,99,155 
VANROSSUM,! M (1958) Thcsis, Umvcfsity of Njjmegcn 
VARNEY, R F,LlNEOAR, C R , and iiOLADAY, H A (1949) J Pharmacol , 
97, 72 

VON BRAUN, J (1912) Liebtgs Ann ,2S6,ni 

VORONIN, V G.TOLKACHEV, O N , and PREOBRAZHENSKII, N A (1958) 
Doklady Akad Nauk SSSR, 121, 455 
VORONIN, V G , TOLKACHEV, O N , aod PREOBRAZHENSKII, N A (1958) 
Doklady Akad Nauk SSSR, 112,17 
VOTAVA, z , and METYSOVA, I (1959) Ph)siohgiaBohemos!o\emca,S,45l 
WALKER,! (1950) J Chem Soc , 193 

WASER, p G (1953) Helv Physiol et Pharm II, supplement 8 
WASBR, P 0 (1959) Curare and Curare like Agents, edited by Bovet, 
Elsevier, Amsterdam, p 244 

WENZINCER, O R , and BOEKELHBIDE V (1963) Proc Oicm Soc, 5% 
WELCH, A D , and ROEPKE, M H (1935) J ?/iormoco/, 55, 118 
WJBN, R , and MASON, D F J (1953) Brit J Pharmacol , 8, 306 
WILLEY, G L (1955) Brit J Pharmacol ,10, A55 
WINTERSTEINER, o (1959) Curare and Curare-hke Agents, edited by Bovet, 
Elsevier, Amsterdam, p 153 
WURZEL, M (1959) Experientla, IS, 430 
WURZEL, M (I960) Arch ml Pharmacodyn , 124, 330 
ZAIMIS,E ! (1959) CurareandCurareUkeAgentSfOdiiedbyBovctt'Elsovitr, 
Amsterdam, p 191 


CHAPTER VI 

ACHESON, G H , andPERiERA, s A (1946) J Pharmacol ,^,113 
ADAMS, D H.and WHITTAKER, V p (1949) Biochm Biophys Acta,3,35S 
ADAMSON, D w , BiLUNGHURST, J w, and GREEN A F (1956) Nature, 

177, 523 

ALLES, G A (1933) Proc Soc exp Biol IV y, 30, 491 
ALLES, G A , and KNOEFEL, p K (1939) University of California Publica 
tions in Pharmacology, 1, 187 
AMBACHE, N (1951) Brit J Pharmacol ,€, SI 

AMBACHE,N, and ROBERTSON, P A (1953) Brit J Pharmacol, S, 147 
BAER,! E, PAULSON, s F, RUSSO, H F, and BEYER, K H (1956) J Pharma 
col , 116, 2 



400 Introduction to Chemical Pharmacology 

BAINBRIDOE, j G , and BROWN, P M (1960) Bnt J Pharmacol , 15, \47 
BARLOW, R B, and DOBSON, N A (1955) J Pharm Pharmacol, 7, 27, 
296 

BARLOW, R B , and HAMILTON, J T (1962) Brit J Pharmacol , 18, 5\0, 
543 

BARLOW, R B , and VANE, J R. (195Q Bnl J Pharmacol, II, 198 
BARLOW, R B , andzoLLER, A (1964) Brit J Pharmacol , in press 
BEIN, H jr, and MEIER, R (1950) Experieniia, 6, 351 
BELLA, D D (1955) Arch exp Path Pharmak ,226,335 
BENNETT, G , TYLER, c , and ZAiMis, c J (1957) Loncet, 2, 218 
BiLLiNGHURST.J w (1957) edited by Hanngton, p 35 

London Pergamon Press 

BLACKMAN, J G, PASTIER, F N, PATEL, C M, and WONG, L C K (1956) 
Bnt J Pharmacol ,11,282 

BLACKMAN,; o , GINSBORO, B L , and RAY, c (1963) J Physical , 167, 
355, 374, 389, 402 

BLACKMAN, 1 G , and RAY, c (1964) Brit J Pharmacol , 22, 56 
BOVET, D , and bovet-nitti, f (1948) Medicaments du Systime Nerveux 
Vigeiatif, p 675 Basel Karger 

bOlbring, E,CREMA, A. andSAXBY,o B (1958) Bnt J Pharmacol , 13, 
440 

BULBRINO, E., and DEPIERRE, F (1949) Brit J Pharmaco! , 4, 22 
BURN,; H, and DALE, H H (1915) J Pharmacol , 6, 417 
BURN,; n, and DALE, n h (1926) J Physiol ,61,185 
BURN,; II, and TRENDELENBURG, u (1954) Bril J P/wrmaco/ , 9, 202 
CAVALLiTO, c ;,aadGRAY,A p (I960) Progress in Drug Research, edited 
by Jucker, Birkhauser, Basel, p 135 
CHANG, H c , and gaddum, ; h (1933) J Physiol, 79, 255 
CHEN, G , and PARCELL, R F (1954) Arch mt Pharmacodyn , 97, 186 
CHEN, o , and PORTMAN, R (1954) pToc Soc exp Biol 79 7,85,245 
CHEN, G , PORTMAN, R , and wiCKEL, A (1951) J Plmrmacol , 103, 330 
CHOU, T c, and elio, F j DE (1947) Bnt J Pharmacol, 2, 268 
COLVILLE K 1 , and FANELLI, R V (1956) J Amer Pharm Ass ,45,727 
cooK,D L.HAMBOURGER, w E .and BIANCHI, R c (1950) J Pharmaco! , 
99, 435 

CORNERS and EDGE, N D (1958) Bnt J Pharmaco! ,13,339 
DALE, H H (1914) J Pharmacol , 6, 147 
DEPIERRE, F (1947) CR Acad Set Paris, 225,956 
EDGE, N D (1953) Bnt J Pharmacol, 8, m 

EDGE, N D , CORNE, S J , LEE, O E., and WRAGO W R (1960) Brit J 
Pharmacol , 15, 207 

ELLIS, s, and RASMUSSEN, H (1951) J Pharmacol , 1Q3, 259 
ERSPAMER, V, and GLaSSER, A (1958) Bnt J Pharmacol , 13, 378 
ERSPAMER, V , and GLASSER, A. (1960) Brit J Pharmacol , 15, 14 
FAKSTORP, ;, and PEDERSEN ; G A (195^ Acta Pharm et Tox Scand, 

10,7 



References {Chapter VI) 401 

FAKSTORP, J , and PEDERSEN, J O A (1957) Acta Pharm et Tox Scand , 
13, 359 

FAKSTORP, J , and PEDERSEN, J o A (1958) Acta Pharm el Tox Scand, 
14, 148 

FAKSTORP,!, PEDERSEN,! G A .POULSEN, E , and SCHILLING, M (1957) 
Acta Pharm et Tox Scand, 13, 52 

FAKSTORP, J,POULSEN,E, RICHTER, W, and SCHILLING, M (1955) Acta 
pharm et Tox Scand , 11, 319 

FELDBERG, w,andLiN, R C Y (1949) Bnt J Pharmacol , 4, 33 
GADDUM, ! H (1953) Brit J Pharmacol 

GADDUM, ! H,andHAMEED, K A (1954) Bnt J Pharmacol ,9,240 
GARDIER, R W, ABREU, D E, RICHARDS, A B, and HERRLICH, 11 C 

(1960) J Pharmacol, 130, 340 

GERTNER, s B , and KOHN, R (1959) Brit J Pharmacol ,\4, 179 
GILL, E w (1959) Proc Roy Soc , B, 3i\ 

GILL, E w, and INC, H R (1958) II Farmaco, ^3,244 
GILLIS, c N , and LEWIS, I ! (1956) J Pharm Pharmacol ,B,4S 
GINZEL, K H,KLIIPP, H.KRAUPP, O, and WERNER, G (1954) Arch exp 
Path Pharmak , 211, 336 

qlXsser, A (1960) Arch int Pharmacodyn ,116,36$ 

OLRsser, A.andpAsiNi, c (1960) II Farmaco,\S, 493 
GREEN, A F (1957) //yporcnjac edited by Hanngtoii, p 95 London 
Pergamon Press 

OYERMEK, L (1953) Nature, 171, 788 

OYERMEk, L.andNADOR, K (1952) ActaPhysiol Acad Sci Hung, Z, 1^3 
OYERMEK, L , and NADOR, k (1953) Acta Physiol Acad Sci Hung , 4, 341 
OYERMEK, L, and NADOB, K (1955) Die Pharmazw, 10, 41$ 

OYERMEK, L , and NADOR, K (1957) J Pharm Pharmacol ,9,209 
HEY, p (1952) Bnt J Pharmacol ,1,\V1 

HIDALGO, /, wiLKEN, w, and SEBBERG, V p (1959) Arch mt Pharma- 
codyn , 118, 210 

KOLMSTEDT.B, and WHITTAKER, V p (1958) Bril J Pharmacol ,13,315 

HOLTON, p , and ING, H R (1949) Bnt J Pharmacol, 4 , 190 

HUNT, R (1926) J Pharmacol , 28, 361 

HUNT, R , and RENSHAW, R R (1925) J Pharmacol ,2S,3\$ 

HUNT, R , and RENSHAW, R R (1933) J Pharmacol , 48, S\ 

HUNT, R , and TAVEAU, R DEM (I9I I) BuH no 73, Hygienic Laboratory, 
U S Treasury 

ING, H R (1957) Hypotensive Drugs, edited by Hanngton, p 7 London 
Pergamon Press 

ING, It R, KORDIK, P, and TUDOR WILLIAMS, D p H (1952) Brit J 
Pharmacol , 7, 103 

JACOB, J, MARSZAK, I, BARDISA, L, MARS2AK FLFURY, A and 
EPSZTEIN, R (1952) Arch mt Pharmacodyn , 91, 303 
JENKINSON, D H (1960) J /%>OTo/ , 152, 309 
KATZ, B L , and THESLEFF, s (1957) J Physwl , 138, 63 



402 Introduction to Chemical Pharmacology 

KEYL, M J , and WHITTAKER, V p (1958) Brit J Pharmacol , 13, 103 

KIDJAKOW, A w (1933) Pflug Arch ges , 232, 432 

KOELLE, w A , and KOELLE, o B (1959) / Pharmacol, 126, 1 

KONZETT, H (1952) J Mt Smai Hasp , 19, 149 

KOSTCRLITZ, If w , and ROBINSON, J A (1957) J Physiol, 136, 249 

LANGLEY, J N (1890) / Pkysiot , II, 123 

LANGLEY, J N , and DICKINSON, w. L (1889) Proc Roy Sac, 46, All 
LAPE, H E,FORT, D I , and HOPPE, J o (1956) J Pharmacol ,l\6,A62 
LEACH, G D H (1957) J Pharm Pharmacol ,9,741 
LEE, G E , WRAGG, W R , CORNE, S J , EDGE, N D , and READING, If W 
(1958) Nature, 181, 1717 
LING, K w (1959) Brit J Pharmacol , 14, 505 

LONGUET-HiGGiNSjH c, and couLSON, c A (1947) Trans FaradaySoc, 
43, 87 

LYONS, R H , HOOBLER, S W , NELIGIt, R B , MOE, G K , and PEET, M M 
(1948) J Amer med Ass, 136,608 
MAGNUS, R (1904) PJlug Arch ges Physiol , 102, ill 
MASON, D F J,and WIEN, R (1955) Brit J Pharmacol , 10, 124 
MAXWELL, R A, ROSS, s D , and PLUMMER, A J (1958) J Pharmocol ,123, 
128 

MITCHELL. R, NEWMAN, P J, MACOILLIVRAY, D, and CLARK, B B 

(1951) Federation Proceedings, 10, 325 
NADOR, K (1960) Progress In Drug Research, eiiXed by JOcktr, HitiihSLiiSeT, 
Basel, p 297 

NISHI, s , and koketsu, k (1960) J Cell comp Physiol , 55, 15 
ORGANS, G , FATON, w D M , aod ZAiMts, E s (1949) Lcncei, 1,2\ 
ORMEROD, w E (1956) Brit J Pharmacol, 11, 267 
PAGE, I H, WOLFORD, R W, and CORCORAN, A C (1959) Arch wf 
Pharmacodyn , 119, 214 

PATON, w D M (1954) Arch int Pharmacodyn , 97, 267 
PATON, w D M, and PERRY, w L M (1953) J Physiol ,119,43 
PATON, w D M, and ZAiMis, E J (1949) Brit J Pharmacol ,4,381 
PATON, W D M, and ZAIMIS, E J (1951) Brit J Pharmacol, 6, 155 
PERRY, w L M , and TALESNIK I (1953) J Physlo! , 119, 455 
PLUMMER, A J, SCHNEIDER, J A and BARRET, w E (1954) Arch Inl 
Pharmacodyn , 97, 1 

PLUMMER, A J.TRAPOLD, J H, SCHNEIDER J A MAXWELL, R A , and 
EARL. A E (1955) J Pharmacol, 115, 172 
PROTIVA, M , RAJSNER, M , TRCKA, V , VANECEK, M , and VEJDELEK, Z J 
(1959) Experienlia, IS, 54 

RANDALL, uo, PETERSON, W G , and LEHMANN, G (1949) / Pharmacol , 
97,48 

RENSHAW, R R (1926) J Pharmacol , 2B, 367 

RENSHAW.R R ,DREISBACH,F F , ZIFF, M , and GREEN, D (1938) J Amer 
chem Soc , 60, 1765 

RIKER, w K , and SZRENIAWSKI, Z (1959) J Pharmacol, 126, 233 



References 403 

RODERTSON, J D , and ARMITAGE, p (1959) Amesihesiology, 14, 53 
ROBERTSON, J D , GILLIES, J , and SPENCER, K E V (1957) Brit J 
Anaeslh , 29, 342 

RUBINSTEIN, K, PEDERSEN, J G A , FAKSTORP, J , and RONNOV-JESSEN, 
V (1958) Experienua, 14, 222 

SEkUL, A A , and HOLLAND, W C (1961) J Pharmacol, 132, I7I 
SEKUL,A A , and HOLLAND, W. c (1961) / Pharmacol , 133, 
siMONART, A (1932) J Pharmacol , 46, IS7 
siMONART, A (1934) J Pharmacol , SO, i 
SMIRK, F H (1953) Lancet, 1, 457 

SPINKS, A, and YOUNG, E H P (1958) Nature, \%\, 1397 
SPINKS, A , YOUNG, EVP, FARRINGTON, 3 A , and DUNLOP, D (1958) 
Brit J Pharmacol , 13, 501 

STONE, C A , TORCHIANA, M L , NAVARRO, A , and BEYER, K H (1956) 
J Pharmacol, 117, 169 
TAYLOR, D B (1951) Pharmocol Rei , 3, 412 
TRENDELENBURG, P (1917) Arch exp Path Pharmak , Si, 55 
TRENDELENBURG, U (1954) Brit J Pharmacol , 9, 481 
TRENDELENBURG, U (1956) Brtt J Pharmacol ,11,14 
VEJDELEK, 2 J , and PROTIVA, M (1958) Chcm Listy,Sl,1310 
vrJDELBK, 2. J , and trcka, V (1959) ExpenenUa, 15, 215 
WHITTERIDOE, D (1937) J Phystol ,S9,99 
WIEN, R , and MASON, D F J (1951) Brtt J Pharmacol , 6, 6\\ 

WIEN, R , and MASON, D F J (1953) Bnt J Pharmacol , S, 306 
WIEN, R, MASON, D F J,EDCE,N D , and LANGSTON, O T (1952) Brtt J 
Pharmacol , 7, 534 

WILLEY, G L (1955) Bnt J Pharmacol , 10, 466 
WINBURY, M M (1952) J Pharmacol , 105, 326 
WURZEL, M (1959) ExpenenUa, 15, 430 

CHAPTER VII 

ABDERHALDEN, E.PAFFRATH, H,addsICKEL,H (1925) Pfiug Arch ges 
Physiol , 207, 241 

ACKA5U, A, SINHA, Y K, asd WSS7, G If (1953) J 7, 

331 

ACRED, P , ATKINS, E M , BAINBRIDGE, J G , BROWN, D M , QUINTON, 
R M , and TURNER, D (1957) Bnt J Pharmacol , 12, 441 
ALLES, G A , and KNOEFEL, p K (1939) University of California PubLca- 
tions m Pharmacology, 1, 187 
BARLOW, R B (1955) Bnt J Pharmacol, 10, 168 

BARRETT, W E, RUTLEDGE, R, PLUMMER, A J , and YONKMAN, F F 
(1953) J Pharmacol ,10S,305 

BECKETT, A H, CLiTiiEROW, / w , and HARPER, N J (1960) Chem and 
Ind,211 

BECKETT, A H , HARPER, N J , CLITHEROW, J W , and LESSER, E (1961) 
Nature, 189, 671 



404 Introduction to Chemical Pharmacology 

DELLEAU,B andPURANEN.J J Med Phorm Chem,6,325 

BLickE, F r , and kaplan, h m (1943) J Amer chem Soc , 65, 1967 
BLiCkE, F F, and MAXWELL, c. E (1942) J Amer chem Soc, 64, 
428, 431 

BLICKE, F F, and RAFFELSON, H (195^ J Amer chem Soc, 14, 1730 
BOZLER, E (1948) Experientia, 4, 21“^ 

DROWN, B B, THOMPSON, C R,kLAHM,0 R , and WERNER, H W (1950) 
/ Amer Pharm Ass , 39, 305 

DROWN, B B, and WERNER, H w (1949) J Pharmacol, 91, \51 
BROWN, D M, and QUINTON, R M (1957) Bnt J Pharmacol , 12, 53 
dOlbring, e. (1954) J Physiol, 125, 302 
bOlbring, E (1955) J Physiol , XU, 2(Xi 
bOlbriNG.E (195^ Brit Med Bull, n, 112 
bOlbrino, E.andBURNSTOCk, o (I960) Bnt J Pharmacol ,15, (>\\ 
bOlbring, E, and DAWES, o s (1945) J Pharmacol ,M, 177 
BURGEN.A s V , and HOBBiGER, F (1949) Btu j Pharmacol ,4,219 
CAHEN, R L., and TVEDE, K (1952) J Pharmacol, 105, 166 
CANTONI, G L, and EASTMAN, G (1946) J Pharmacol ,^1,392 
CARR,E A, and RIGGS, D s (1951) J Pharmacol ,lti2, 212 
CAZORT, R J (1950) J Pharmacol ,lWi, 3^ 

CHANG, U c.andOADDUM, J II (1933) J Physiol, 19, 255 

CHEN,; Y P (1954) J Pharmacol , 111, 64 

CHEN, J Y P (1959) Arch mt Pharmacodyn , 121, 78 

CHEN, J Y P , and DECkMAN, H (1952) J Pharmacol, 104, 269 

CHENEY, L, c , and BYWATER, w o (1942) / Amer chem Soc, 64,9111 

CLARK, A J (1926) J Physiol ,61,541 

CLARK, A J (1937) HandbuchderExperimenteUenPharmakohgie,eA\Xe6hy 
Hefflcr, Springer, Berlin, Vol 4, p 185 
CLARK, A j,andRAVENTOS,l (1937) Quart J exp Physiol ,26,315 
CUSIINY, A R (1904) / Physiol ,39,116 
CUSIINY.A R (1920) J Pharmacol ,15,195 
CUSHNY, A R (1921) J PAormoco/, 17, 41 
CUSHNY, A R (1926) J Pharmacol ,29,5 
CUSHNY, A IL, and PEEBLES, A R (1905) J Physiol ,31,591 
CUNNINGHAM, R. W, HARNED, B K-, CLARk, M C., COSGROVE, R R, 
DAUGHTERTY.N S,HINE,C H.VESSEY.R E.,andYUDA,N N (1949) 
J Pha/maccd , 96, 151 
DALE, H H (1914) J Pharmacol ,6, 141 

DEJONGH,D K ,VANPROOSDIJ-HARTZEMA,E G , and JANSSEN, P (1955) 
Arch ini Pharmacodyn , 103, 100 
DOMENJOZ, R (1946) Schweiz Med Wschr,16, 1282 
DOMENJOZ, R , and THEOBOLD, w (1959) Arch wt Pharmacodyn, 120, 
450 

DUFFiN, w M, and GREEN, A F (1955) Bnt J Pharmacol ,19, 3Z3 
DUPRE, s , LEVY, J , and TCHOUBAR, B (1946) C R Soc biol Pans, 140, 
477 



References {Chapter Vll) 405 

ECKFIELD, D K (1959) J PharmacoJ , 126, 2i 

EHRENDERO, M H , RAMP, J A , BLANCHARD, E W , and TREVES, G R 
(1952) J Pharmacol, 106, 141 

ELLENBROOK, B w J , and VAN ROSSU&I, J M (I960) Arch mt Pharma 
codyn , 125, 216 

ERSPAMER, V.andoLXssER, A (1958) Bril J Pharmacol , 13, 31S 
EUGSTER, C H (1960) Advances in Organic Chemistry, edited by Raphael, 
Taylor, and Weinberg, Intcrscience, New York, Vol II, p 427 
EUGSTER, c H , and WASER, p G (1957) Heh chmt /Ic/ir, 40, 905 
EVANS, C L, GRANDE, F, and HSU, F Y (1934) Quart J exp Ph}Siol,24, 
283 

EWINS, A J (1914) Biochem 7,8,209 

FELLOWS, E J , and LIVINGSTON, A C (1940) J Pharmacol , 6S, 731 
FILDES, P (1940) Lancet, 1, 955 

FODOR, G.andcSEPREGHY, O (1961) J Chem Soc ,3712. 
FORD-MOORE,A H , and INC, H R (1947) J Chem Sac, 55 
FOURNEAU, E , BOVET, D , BOVET, F , and MONTEZIN, O (1944) Bull Soc 
chim btol , 26, 134, 516 

FRASER, p ; (1957) Brit J Pharmacol ,12, A1 
PRQMHERZ, K (1933) Atch exp Path Pharmak , 173, 86 
FROMHERZ, k (1936) Quart J Pharm , 9, 1 
GHOSH, M N (1958) Brit J Pharmacol, 13, 118 
GHOSH, M N , and SCHILD, H 0 (1958) Bril J Pharmacol , 13, 54 
CLICK, D (1938) J Biol Chem, 125, 729 
CLICK, D (1940) J Biol CAem, 134,617 
CRAHAM, J D p, and GUNN, J A (1944) Quort J Pharm, 17, Zt 
GRAHAM,; D P , and lazarus, s (1940) J Pharmacol ,69,331 
GRAHAM,; D p , and LAZARUS, s (1940) J Pharmacol ,70 , 165 
GUNN,; A (1913) / , 46, 506 

GYERMEK, L (1953) Nature, 171, 788 
GYERMEK, L (1953) Aclo Ph)Siol JTo/ig , 4, 333 
GYERMEK, L , and NADOR, K (1957) J Phawt Pharmacol ,9,209 
GYERMEK, L , and UNNA, K R (1958) Proc Soc exp Biol YT,98, 882 
HALPERN, B N (1938) Arch ml Pharmacod}n , 59, 149 
HAMBOURGER, W E., COOK, D L., WJNBURY, M M, and FREESE, II B 
(1950) J Pharmacol, 99, 2A5 

HARDEGGER, E , and LOHSE, F (1957) Heh chim Acta, 40 , 2383 
HARRIES, C (1897) Liebigs Arm , 296, 328 
HERR, F , and GYERMEK, L (1960) J Pharmacol, 129, 338 
HOEKSTRA, ; B , and DiCKisoN, H L (1950) J Pharmacol ,90 , 14 
HOEKSTRA, ; B TISCH, D E , RAKIETEN, N , and DICKISON, H L (1953) 

J Pharmacol , 110, 55 
HOLMAN, M E (1958) J Physiol ,141,464 

iiOLMSTEDT,B , and WHITTAKER, V p (1958) Brit J Pharmacol ,13,303 
HOLTON, P , and ing, h r (1949) Brit J Pharmacol, 4, 190 
HUNT, R (1926) J Pharmacol ,23,367 



406 Introduction to Chemical Pharmacology 

HUNT, R , and RBNSiiAW.R R (192^ J Pharmacol ,2S,Z\5 
HUNT, R , and RENSHAW, R R (1929) / Pharmaco! ,Z5,1S 
HUNT, R , and RENSHAW, R R (1933) J Pharmacol , A9, 

HUNT, R, and RENSHAW, R R (1934) J Pharmacol 
HUNT, R , and TAYEAU, R DEM (1911) Bulletin No 73, Hygienic Labora- 
tory, U S Treasury 

HUTTER, o F (1957) Brit Med 176 

HUTTER, o F, and NOBLE, D (1961) J Physiol ylSlf'iZS 
INO, H R (1949) Science, l{i9,2(A 

ING, H R (1955) The Alkaloids, edited by Manske and Holmes, Academic 
Press, New York, Vo\ 5,p 243 

INC, H R, DAWES, O s , and WAJDA, I (1945) / Pharmacol ,SS,S5 
ING, H R , KORDIK, P , and TUDOR WILLIAMS, DPI! (1952) Brit J 
Pharmacol ,1, 103 

ISSEKUT2, fi VON (1917) Z fur exp Path and Therapie, 19, 99 
JACOB, J, MARSZAK, 1, BARDISA, L, MARSZAK-FLEURY, A, and 
EPSZTEJN, R (1952) Arch M Pharmacodyn , 9i, 3Qi 
JAOENEAU, A , and JANSSEN, P (1956) Arch inl Pharmacodyn , 106, 199 
JERUSALEM, E, and starling, E II (1910) J Physiol, Ati, 219 
JOHNSON, E A, and WOOD, D R (1954) Brit I Pharmacol ,9, 21S 
KiMURA, K K , and UNNA, K R (1950) J Pharmo'-ol , 98, 286 
KiMURA, K K.UNNA, K R , and PFEIFFER, c c (1949) J Pharmocol ,9S, 
149 

kOgl, f, saleminK, c a scouten, h, and jellinek, f (1957) Rec 
Trav chm Pays Das, 76, 109 
kRElTMAlR,H (1932) Arch exp Path Pharmak ,164,346 
KREITMAIR, K (1936) Klift Wschr , 15, 616 
kClz, F (1923) Arch exp Path Pharmak , 98, 337 
lands A M (1951) J Pharmacol ,191,2X9 

LANDS, A M, ANANENKO. E, JONES, C, HOPPE, J O, and BECKER, T J 
(1949) J Pharmacol , 96, I 

LANDS, A M, HOPPE, J O, LEWIS J R, and ANANENKO, E (1950) J 
Pharmacol , 100, 19 

LANDS, A. M , and ludubna, f p (1956) J Pharmacol , 116, 177 
LANOENDORFF, o (1895) pjiug Arch ges Physiol ,61,191 
LEE, H M, GIBSON, w, DINWIDDIE, w O , and MILLS, J (1954) J Amcr 
Pharm Ass , 43, 408 

LEHMANN, G , and KNOEFEL, P K (1942) J Pharmacol ,1A, 211, 21A 
LEHMANN, G , and KNOEFEL, P K (1944) J Pharmocol , SO, 335 
LEHEUX, J w (1921) Pfiug Arch ges Physiol ,190, 2%0 
LIEBERMANN, c, and LIMPACH, L. (1892) Ber Dtsch chem Ges, 25, 921 
LONG, J P , LUDUENA, P P , TULLAR, B F , and LANDS, A M (1956) J 
Pharmacol, in, 29 

LOURIE.E M (1952) Brit J Pharmacol ,1,130 

LUDUENA, F F , and LANDS, A M (1954) / Pharmacol , 110, 282 

MAJOR, R T.and CLINE,; k (193^ J /’Aarmaco/, 54, 131 



References {Chapter Vlf) 407 

MARGOLIN, S, DOYLE, M, GIBLIN, J , MAKOVSkY, A , SPOERLEIN, M T, 
STEPHENS, I , DERCHTOLD, IJ , DBLLOFF, O , and TISLOW, R (1951) 
Proc Soc exp Biol NY, IB, 516 
MARSHALL, p B (1955) Bnt J Pharmacol , 10, 354 

MCCARTHY, J D , EVANS, S O , RAGINS, H , and DRAGSTEDT, L R. (1953) 
J Pharmacol , 108, 246 

McMANUs,EC,BOCHCY,j sf ,andBEYER,k H (1953) J P/iamtacol ,108,364 
MEIER, R (1936) Klin If'jcAr, 15, 1403 

MEiER,R,andiioFFMANN,K (1941) Helv med 7, Supplement VI,106 
MiESCHER, K , and HOFFMANN, K (1941) HeW chm Acta, 24, 458 
MONTUSCHl, E , PHILLIPS, J , PRESCOTT, P , and GREEN, A F (1952) 
Lancet, I, 583 

NOBLE, D (1961) J Ph}Sfol, 160,317 
NYMAN, E. (1944) Acta Med Scand, 118, 466 
PARKESjM w (1955) Bnt J Pharmacol, 10, 95 
PATON, W D M (1955) J Physiol, 127,40? 

PATON, W D M (1961) Proc Roy Soc , B, 154, 21 
PATON, w D M , and ZAiMis, E J (1949) Bnt J Pharmacol , 4, 381 
PATTERSON, s w , and STARLING, E H (1914) J Physiol , 48, 357 
PERRY, w L. M , and TALESNIK, J (1953) J Pb}Siot , 119, 455 
PLUMMER, A J , BARRETT, \V E, RUTLEDGE, R , and YONKMAN, F F 

(1953) J Pharmacol, m, 292 
PULEWKA, P (1932) Arch exp Path Pharmak , 168, 307 
PYMAN, F L (1917) J Chem Soc, 1103 

RAMSEY, H, and RICHARDSON, A G (1947) J Pharmacol , 89, 131 
RAND, M } (1957) Austral J exp Biol med Set , 35, 79 
RANDALL, L o , BENSON, w M , and STEFKO, p L 0952) J Phormacol , 
104, 284 

RAVENTOs, J (1937) Quart J exp Physto! , 26, 361 
RAVENTOS / (193^ Quart J exp Physiol ,27,99 

RENSHAW, R R, DREISDACH, P F, ZIFF, M, and GREEN, D (1938) J 
Amer chem Soc , 60, 1765 

SALLE, J , and VALADE, p (1954) Arch mt Pharmacodyn ,98,399 
SCKILD, H O (1947) Bnt J Pharmacol,!, 189 

SCHILD, H o (I960) Adrenergic Mechanisms, edited by Vane, Wolsten- 
bolme and 0 Connor, p 221 London Churchill 
scHMiEDEBERG,o,andHARNACK,E (1877) Arch exp Path Pharmak, 6, 
101 

SCHMIEDEBERG, O , and KOPPE, R (1869) Bas Muscann, das giftige 
Alkaloid des Fliegenptizes Leipzig Vogel 
SCHNEIDER, R , and TIMMS, A R (1957) Bnt J Pharmacol , 12, 30 
SCHOEPKE, H o,andsHlDEMAN, F B (1960) J Fharmacol , 129, 372 
SCHUELER, F w , and KEASLiNO, II H (1951) J Pharmacol , 103, 722 
SCOTT, K A (1962) PhD Thesis, University of Edinburgh 

(Sec also barlow r b, scott, k a, and stephenson, r p (1963) 
Brit J Pharmacol ,21,509) 
o 



408 Introduction to Chemical Pharmacology 

SIMONART, A (1932) J Pharmacol ^ A6, \51 
SIMONART, A (1934) J Pharmacol tSXifX 
SINGH CREWAL, R. (1951) Bnt J Phormaco! ,6, 696 
SciRUM, n (1959) Acta chem iSfoorf, 13, 345 

(But see also DUNITZ,J d (1963) Acta ehem Scand,\l, 1471 ) 

STEHLE, R. L., MELVILLE, K J, and OLDHAM, F R- (1936) J Pharmacol , 
56, 473 

STEPHENSON, R p (1956) Brit J Pharmacol , 11, 319 
STRAUB, w (1910) Biochem Z, 23, 392 

SWAN, K. c., and white, n g (1943) Proc Soc exp Biol N Y, S3, 164 
SWAN, K c , and white, n o (1944) J Pharmacol , 80, 285 
SWAN, K c, and WHITE, N G (1944) Amer J Ophthalmol ,21,933 
SWAN, K c, and WHITE, N G (1944) Amer J Ophthalmol ,31,1Z9 
SWAN, K C, and WHITE, N o (1945) Arch Ophthalmol ,33, \6 
TRIOGLE, D and BELLEAU, B (1962) Conad J Chem , 40, 1201 
TRIPOD, I (1949) Bnt J Pharmacol, 4, 323 
TSATSAS, G (1950) Ann Pharm Franc ,B,213 
VANROSSUM, J M (1960) Science,132,9S4 

VANROSSUMjJ M„andARlENS,E J (1959) Arch int Phormacod}n ,118,418 
VANROSSUXIjJ M,CORNELISSEN,fctJ W J,DEGROOT, T r,andHURk- 
MANS, J A T M (I960) Experientia, 16, 372 
VON BRAUN, J , BRAUNSDORF, o, and rAth, C (1922) Ber Dtsch ehem 
Ges , 55, 1666 

V0NBRAUN,J, and RATH, c (1920) Ber Dtsch chem Ges, S3, 601 

WARRINER, J (I960) MSc Thesis, Univenity of Edinburgh 

WASER, P o (1961) Experientia, 17, 300 

WA8ER,p G (1962) Pharmacol /Jev, 13,465 

WELCH, A D,andROEPKE,M H (1935) / Pharmacol , 55, Hi 

WELSH,; H, and TAUB, R. (1950) J Pharmacol ,99,334 

WELSH,; R, and TAUB, R (1951) J Pharmacol , 103, 62 

WERTHEIMER,E ,andPAFFRATH,ii (1925) PJlug Arch ges Physiol ,207,254 

WHITE,A c., GREEN, A F , and HUDSON, A (1951) Bnt J Pharmacol ,6,560 

WICK, H (1951) Arch exp Path Pharmak ,213,495 

WIEDLING, s (1957) Acta Pharm et Tax Scand, 13, 59 

WIEDLING, s (1957) Acta Pharm et Tox Scand, 14, 112 

WOODS, D D (1940) Bnt J exp Path, 21,14 

■WD'R-2fL,'M (\^33r) E:^e7iCTn}»,'\5, 


CHAPTER VIIl 

ADAMS, D H (1949) Bioclum Biophys Acta, 3, 1 

ADAMS,D K,andwniTTAKER,v P (1SW9) Bioehm Biophys Acta, 3, 359 
ADAMS, D H, and WHITTAKER, V p (1950) Biochim Biophys Acta, 4, 543 
ADRIAN.E D.FELDBERG, w.andKiLBV, B A (1947) Bnt J Pharmacol, 
2, 56 

AESCHLIMANN,; A , and REiNERT, M (1931) J Pharmacol , 43, 4X3 



References {Chapter VIII) 409 

AESCHLIMANN, J A , and STEMPEL, A (1946) Roclie Jubilee Volume for 
Emil Barren, p 306, Basle 

ALBERT, A (1960) Selecti\e Toxicity, 2nd ed , p 86 London Methuen 
ALDRIDGE, W N (1953) Biochem /,54, 442 
ALDRIDGE, w N , and DAVISON, A N (1953) Biochem J, 55, 163 
ALLES, o A , and iiawes, r c (1940) / Biol Chcm , 133, 375 
AMBACHE, N (1955) Pharmacol Rev, 1,467 
AMMON, R (1934) Fflug Arch ges Physiol, 233, 456 
AMMON, R (1935) Ergebnisse der Eniymforschung, 4, 102 
ARNOLD, A, SORIA, A E , and KIRCIINER.T K (1954) Proc Soc cxp Biol 
NY, 87, 393 

ASHBOLT, R F.andRYDON, 11 N (1957) Btochem J, 66, 237 
AUGUSTiNSSON, K-D (1948) Acta Phystol , IS, supplement 52 

AUGUSTiNSSON, K-B (1949) Arch Biochem , 23, lU 
AUGUSTINSSON, K B, and NACiiMANsoiiN, D (1949) Science, WO, 95 
AUGUSTINSSON, K-B, and NACHMANso«N,D (1949) J Biol Chem,179, 
543 

AUSTIN, L , and BERRY, w K (1953) Btochem J, 54, 695 
BALDRIDGE, H D , MCCARVILLE, \v J , and FRiESs, s L (1955) J Amer 
chem Soc , 77, 739 

BARLOW, R B (1955) Brit J Pharmacol ,\0, 168 
BARLOW, R B, and HAMILTON, J T (1962) Brit J Pharmacol, 18, 5\0 
BARLOW, R B,andniMMS, J M (195^ Bril J Pharmacol , 10, 113 
BECKETT, A H (1962) Emymes and Drug Action, edited by Mongar and 
Reuck, pp 15 and 238 London ChurchiU 
BERGMANN, F , EOd SEGAL, R (1954) BiOchcm J , 58, 692 
BEROMANN, F, WILSON, I B, and NACHMANSOHN, D (1950) J Biol 
Chem , 186, 693 

BERRY, w K , DAVIES, d r , and GREEN, A L (1959) Bnt J Pharmacol , 
14, 186 

BLABER, L c (1960) Brit J Pharmacol ,15,416 

BLASCHKo, H , bOlbrino, E , and CHOU, T c (1949) Bnt J Pharmacol, 
4, 29 

BURGEN, A s V, and HOBBlGER, F (1951) Bnt J Pharmocol , 6, 593 
BURN,! H (1952) Practical Pharmacology, p 4 Oxford Blackwell 
CHILDS, A F, DAVIES, D R, GREEN, A L, and RUTLAND, J P (1955) 
Bnt J Pharmacol , 10, 462 

CHURCHiLL-DAViDSON, H c , aod RICHARDSON, A T (1952) Nature, 
170, 617 

COHEN, J A , OOSTERBAAN, R A , and WARRINGA, M G B J (1955) 
Biochim Biophys Acta, 18, 228 

COHEN, J A , OOSTERBAAN, R A , JANSZ, H S , and BERENDS, F (1959) 

J Cell comp PA>’5io/ , 54, supplement 1, 231 
COHEN, J A ,aad WARRiNGA,M G P J (1953) Biochim Biophys Acta, 11, 52 
collier, H O j , POTTER, M D , and TAYLOR, E P (1955) Bnt J 
Pharmacol , 10, 343 



410 Introduction to Chemiatl Pharmacology 

DAHLBACK, O , ELMQVIST, D , JOUNS, T R., RADNER, S , and TIIESLEFF, 
s (1961) J Physiol, 156, 

DALE, H H (1914) J Pharmacol ,6, \A1 

DAVIES, D R, and GREEN, A L (I95Q Adionccs m Enzymology, 20, Hi 
DAVIES, D R, and GREEN, A L (19SQ Biochcm J, 63, 529 
DAVIES, D R , HOLLAND, P , and RUMENS, M 3 (1960) Brit J Pharmacol , 
15, 271 

DAVISON, A N (1955) Biochem /,60, 339 
DIXON, M (1953) Biochem 7,55,170 

EARL, c J, and THOMPSON, R H s (1952) Brit J Pharmacol ,T,26\,6i6 
ENGLEHART, E, and LOEWI, o (1930) Arch exp Path Pharmak ,150, \ 
FLEISHER, J H, MICHEL, H O , YATES, L , and HARRISON, C S (I960) J 

Pharmacol , 129, 31 

FORD-MOORE, A H (1953) Nature, 172, 841 
FRASER, T R (1864) Edm Med 7,9,36 

FRIESS, s L , and BALDRIDGE, It D (1956) 7 Amer chem 5oc,78, 2482 
fOhner, H (1918) Arch exp Path Pharmak , 82, 51, SI 
FULTON, M p.andMOOEY, G A (1954) Brit 7 Pharmacol, 9 , 138 
PUNCKE,A,DEPiERRE,F,andKRUCKER,w (1952) CR Acad Sci Pans, 
234, 762 

CLICK, D (1938) 7 gen Physiol ,2\,2S9 
CLICK, D (1938) 7 Biol Chem,X2S,m 
CLICK, D (1939) 7 Btoi Chem,m,5n 

ORELis,M E.andTADACHNiCK.f I A (1957) Brit 7 Pharmacol ,12,520 
CROD, D , and harvey, j c (1958) 7 dm latest , 37, 350 
HARRIS, H, and WHITTAKER, M (1962) Enzymes and Drug Action, tAiiedhy 
Mongar and Reuck, p 301 I^odon Churchill 
HAWKINS, R D , and MENDEL, B (1947) Brit 7 Pharmacol,!, 173 
HAZARD, R , CHEYMOL, J , GAUTIER, 3 A , CORTECOIANI, E , and LEROI, 
E, (1952) Arch Int Pharmacodyn ,90,271 
IIOBBIGER, F (1952) Bnt 7 Pharmacol ,7, 22i 
HOBBICER, F (1954) Brit 7 Pharmacol ,9, 159 
HOBBIGER, F (1956) Brit 7 i’/iomiocu/ , II, 295 

HOBBIGER, F, O’SULLIVAN, D o , and SADLER, p w (1958) Nalure,l81, 
1498 

HOBBIGER, F, and SADLER, p w (1959) Brit 7 Pharmacol ,14 , 192 
HOLMSTEDT, B (1957) Acta Physiol Scand, 40, HI 
HOLMSTEDT, B (1959) Pharmacol /?ep, 11,567 

HOLMSTEDT, B, and WHITTAKER, v p (1958) Brit J Phormocol ,13, iOS 
HUNTER, A , and DOWNS, c E (1945) 7 Biol Chem , 157, 427 
JACOB,! (1955) Arch mt Pharmact^yn ,101,446 

JANDORF, B J MICHEL, H O, SCHAFFER, N K , EGAN R, and SUMMER' 

SON, W H (1955) Discussions Faraday Soc, 20, 134 
JANSEN, E F,NUTTlNO,M D F , JANG, R , and BALLS, A K. (1950) 7 Biol 
Chem , 185, 209 

KARCZMAR, A G (1957) 7 Pharmacol ,119,39 



References (Chapter VJII) 411 

KAHANE, E , and LEVY, J (1936) Bull Soc chim biol, IS, 529 
KATZ, B , and THESLEFF, s (1957) Bnt J Pharmacol , 12, 260 
KEWiTZ,H,andNEKHOFF, V (1960) Arch exp Path Pharmak, 240, 126 
KILBY, B A, and KILBY, M (1947) Brit J Pharmacol ,2,254 
KLUPP, H , KRAUPP, O , SCHWARZACHER, H O , and STUMPF, C (1955) 
Arch int Pharmacodyn , lOI, 205 

KLUPP, H, KRAUPP, o , STORMANN,o, and STUMPF, c (1953) Arch mt 
Pharmacodyn , 96, 161 

KOELLE, o B (1950) J Pharmacol, 100, 158 
KOELLE, G B (195'0 J Pharmacol ,\20,4SS 

KOELLE, o B , and FRiEDENWALD, J s (1949) Proc Soc exp Biol NY, 
70, 617 

KRAUPP, O, STUMPF, C , ItERZFELD,E, and PILLAT, B (1955) Arch int 
Pharmacodyn , 102, 281 

LANDS, A M.KARCZMAR, A O, HOWARD, / W , and ARNOLD, A (1955) 

J Pharmacol, 115 , 185 

LANDS, A M , HOPPE, J O , ARNOLD, A , and KIRCIINER, F K (1958) J 
Pharmacol, 123, 121 
LANE,E s (1953) J Chem Soc, 1173 
LEVIN, A P.andJANDORF, B J (1955) J Pharmacol ,113,206 
LOEWI, o, and navratil, e (1926) Pflug Arch ges Physiol, 214, 678, 
689 

MAIN, A. R , MILES, K E, and BRAID, p E (1961) Btochem J, 78, 769 
SfASLAND, R L , and wiOTON, R s (1940) J Ncurophysiol , 3, 269 
MENDEL, B, MONDELL, D B , and RUDNEY, H (1943) BlOchcm J, 37,473 
MENDEL, B , and RUDNEY, H (1943) Blochcm J , 37, 59 
NASTUK, W L , and ALEXANDER, 3 T (1952) J Pharmacol , 113, 302 
NASTUK, W L., and ALVING, B o (1958) Biochem Pharmacol , 1, 307 
NACHMANSOHN, D , and ROTHENDERO, MA (1945) J Biol Cliem , 158, 

653 

NACHMANSOHN, D , and WILSON, I D (1951) Advances in Enzymology, 12, 

275 

oosTERBAAN, R A , and VAN ADRICHEM, M E (1958) Biochm Biophys 
Acta, 27, 423 

ORMEROD, w E (1953) Biochem J, 54, 701 
PATON, w D M, and ZAiMis, E J (1949) Bnt J Pharmacol , 4, 381 
PELiKAN.E w, SMITH, c M,andUNNA.K R (1952) J Pharmacol ,111,30 
PORTER, o R, RYDON, H N, and SCHOFIELD, J A (1958) Nature, 182, 

927 

POZIOMEK, E J , HACKLEY, B F , and STEINBERG, G M (1958) J org 
Chem , 23, 714 

PRELOG, V,JUHASZ,S,REZEK, A, and STERN,? (1942) Helv chim Acta, 
25, 907 

RANDALL, L. o (1950) J Pharmocol , 100, 83 

RAVIN, H A , TSOU, K C , and SELIGMAN, A M (1951) J Biol Chem, 191, 

843 



412 Introduction to Chemical Pharmacology 

RAVIN, ii A ,ZACKS,S I ,aDdSELiGMAN,A M (1953) J Pharmacol ,1^1, yi 
RIKER, W F, ROBERTS, J.STANDAERT.F O , and FUJIMORI, II (1957) J 
Pharmacol , 121, 286 

RIKER, y: r, wernbr, g, Roberts, j. and ruferman, a (1959) J 
Pharmacol , 125, 150 

ROEfke, M If (1937) J Phannacol 1 59, 264 
ROEPKE,M II , and WELCH, a d m (1936) J Pharmacol , 56, 3\9 
RUTLAND,! P (1958) Brit J Pharmacol , 13, 399 
RYDON, II N (1958) //flfure, 182,928 
SALERNO, p R, and COON, J M (1949) J Pharmacol ,95,240 
SCHAFFER, N K,MAY,S C , and SUMMERSON, W II (1954) J Btol Cltcm , 
206, 201 

SCHWEITZER, A, STEDMAN.E, and WRIGHT, S (1939) J Physiol , 96, 302 
SEKUL, A A, HOLLAND, w c, and BRELAND, A E (1962) Biocltem 
Pharmacol , 11,487 

SMITH, C M, COHEN, H L, PELIKAN E W, and UNNA, K R (1952) J 

Pharmacol , 105, 391 

STEDMAN, E., and STEDMAN, B (1926) Biochem J, 20, 719 
STEDMAN.E, and STEDMAN.E (1929) J Chcpt Soc, 609 
STEDMAN, E, STEDMAN, E, and EASSON, L. H (1932) Biochcm J, 26, 
2056 

STURGE, L M , and WHITTAKER, V p (1950) Btochem 7,47,518 
TASACHNICK,! I A , MERSIION, J , CRELIS, M E., and RUBIN, A A (195$) 
Arch tnt Pharmacodyn , 115, 351 
TAMMELIN, L E (1958) Arktv Kcml, 12,257 
TBLLA, A (1960) M Sc Thesis, UnivcKity of Edinburgh 
TODRICK, A (1954) Brit J Pharmacol ,9,76 
WHITE A c, and STEDMAN, E (1937) 7 Pharmacol 60, 198 
WHITTAKER, V P (1951) Phystol /?cv, 31,312 
WILSON, I B (1951) 7 Btol CAem, 190, 111 
WILSON, I B (1952) 7 Btol Chem, 199, 113 
WILSON, I B (1955) Discussions Faraday Soc ,20, 119 
WILSON, I B (1955) Arch int Pharmacodyn , 104, 204 
WILSON, I B (1962) FnzymcsaadDmgAcuonyCdttcdbyMon^rzndReuck, 
p 4 London Churchill 

WILSON, I B , and DERGMANN, F (1950) 7 Biol C/iem, 185,479 
WILSON, I B , and bergmann, f (1950) 7 Biol Chem , 196, 683 
WILSON, I B, BERGMANN, F, and NACHMANSOHN D (1950) 7 Biol 
Chem , 186, 781 

WILSON, I B , OINSBURO, s, and MEISLICII, E. K (1955) 7 Amer chem 
Soc, 77, 4286 

WILSON, I B , and MEisLiCH, E K (1953) 7 Amer chem Soc, 75, 4628 
WURZEL, M (1959) Expenenlia, IS, 430 

wuRZELjM ,andSAPElKA,N (1958) SouthAfricanJ Lab elm Med, 4,229 
ZAlMis, E J (1952) Nature, 170, 617 

ZELLER, A. E, and BISSEGOER, A (1943) Helv chim Acta,26,l6l9 



References 


413 


CHAPTER IX 

ABDERHALDEN, E , and MtiLLER, F (1908) Z Physio] C/;m,58, 185 
ABEL,J j , and CRAWFORD, A c (1897) Dull Johns Ilophrts Hasp ,S,IS\ 
Ablad, B (1959) Acta Pharm etTox Scand,16, 113 
AHLQursT, R P. (1948) Amer J Physio!, 153, 586 
AHLQUIST, R P , and LEVY, B (1959) J Pharmacol , 127, 146 
ALLES, G A (1933) J Pharmacol ,41i '239 
ALLES, G A , and IIEEGAARD, E V (1943) J B\oI Chem , 147, 487 
ari£ns, E J (1960) Adrenergic hfechanJs/ng, edited by 'Vane, Wolstenholme, 
and O’Connor, pp 253 and 264 London Churchill 
ARUNLAKSHANA.o.andscHiLD, II o (1959) Bnt J Pharmacol ,14, 4Z 
AXELROD, J (I960) Adrenergic Afechamsms, edited by Vane, Wolstcnholme, 
and O’Connor, p 28 London Churehtll 
AXELROD, J (1960) Adrenergic Mechanisms, edited by Vane, Wolstcnholme, 
and O’Connor, p 37 London Churchill 
AXELROD,/, WElL-MALltCRBE, fi, and TOMCHICK, R (1959) J Pharma 
co/. 127, 251 

BAIN, w A (1960) Adrenergic Mechanisms, edited by Vane, Wolstenholme, 
and O’Connor, p 131 London Churchill 
BACQ, Z H (1936) Arch tnt Physiol , 42, 2AQ 
BACQ, z M (1936) Arch mi Physiol , 44, \S 

BACQ, z M (1960) Adrenergic Mechanisms, edited by Vane, Wolstenholme, 
and O'Connor, p 57 London Churchill 
BARLOW, R B (1961) Bnt J Pharmacol ,16 , 153 
BARGER, Q , and DALE, 11 H (1910) J Physio! , 41, 19 
BEIN, H J (1956) Pharmacol /lev, 8, 435 

BEfN, H / (1960) Adrenergic Mechanisms, edited by Vane, Wolstenholme, 
and O’Connor, p 162 London Churchill 
BELLEAU, B (1958) Canad J Biochem Physiol , 26, 121 
BELLEAU, B (1959) J med pharm Chem , 1, 327, 343 
BEYER, K H , and MORRISON, H s (1945) hid Eng Chem , 37, 143 
BLACK,/ w , and STEPHENSON, J s (1962) Lancet,2 311 
BLASCiiKo, H (1938) J Physiol ,92,1P 
BLASCHKO, H (1939) J Pfiysiol ,96, 50P 
BLASCHKO, R (1952) Pharmacol Bev,4,4\5 

BLASCHKO, H, HAGEN, J M, and HAGEN, P (1957) J Physiol , 139, 
316 

BLASCHKO, If , and HAWKINS, / (1950) Bnt J Pharmacol , 5, 625 
BLASCHKO, H , RICHTER, D , and SCHLOSSMANN, H (1937), J Physiol , 

90, 1 

BLASCHKO, H , RICHTER, D , and SCHLOSSMANN, H (1937) Bwchem J, 
31, 2187 

BOURA, A L A.COPP, G c , and GREEN, A F (1959) iValwre, 184, 70 

BOURA, A L A, COKER, G O , COPP, G C,DUNCOMBE, W G , ELPHICK, 

A R , GREEN, A F , and MccoODRBY, A (1960), Nature, 185, 925 



414 Introduction to Chemical Pharmacology 

BOURA, ALA, COPP, O C, DUNCOMBE, W G, OREEV, A F, and 
MCCOUBREY, A (1960) Brit J Pharmacol, 15,265 
BOVET, D , and BOVET-NITTI, F (1948) Medicaments da Sysleme Neneux 
Vigetatif, Kargcr, Basel, p 312 

BOVET, D , and MADERNi, p (1933) CR Soc biol Pans, 114, 9Z0 
BOVET, D , and SIMON, A (1935) Bull desScl Pharmacol , 41, 466 
BOVET, D , and simon, a (1937) Arch mt Pharmacodyn , 55, 15 
BOVET, D , and STAUB, A M (1937) CR Soc blol Paris, 124, 547 
BOWMAN, R L , CAULFIELD, p A , and UDENFRIEND, s (1955) Science, 
122, 32 

BOYD, H , CHANG, V , and RAND, M J (1960) Brit J Pharmacol , 15, 525 
BROWN, H c, MCDANIEL, D H , and hAfliger, o (1955) Determination 
of Organic Structures by Physical Methods, edited by Braude and Nachod, 
p 655 New York Academic Press 
BORN, J H (1952) Practical Pharmacology, p 65 Oxford Blackwell 
BURN, I H (1961) Bril Med P, 1,1623 

BURN, J H , and HUTCHEON, D E (1949) Brit J Pharmacol , 4, 

BURN, J H , and RAND, M I (1958) / Physiol, 144, 314 
BURN,! H, and RAND, M s (I960) Bnt J Pharmacol , IS, 41 
BURN,! H, and ROBINSON, J A (1952) Brit J Pharmacol ,1,^04 
BURNSTOCK, O , and HOLMAN, M E (1960) Nature, 187, 951 
BURNSTOCK, 0 , and HOLMAN, M B. (1962) J Physiol , 160, 446 
bOlbrino, e (I960) Adrenergic Mechanisms, edited by Vane, Wolsten- 
holme, and 0 Connor, p 275 London Churchill 
bDlbrino, e , and hooton, i n (1954) J Physiol, 125, 292 
CAMERON, w M,andTAiNTER,M L (1936) J Pharmocol , SI, \S2 
CANON, w B , and ROSENBLUETH A (193^ Amer J Physiol , US, 2S\ 
CARLSSON, A, ROSENGREN, E, BERTLER, A., ond NILSSON, S (1957) 
Psychotropic Dmgs, p 363 Amsterdam Elsevier 
CASTILLO,! c, and DB BEER, E. J (1947) J Pharmacol , 90, \04 
CHAPMAN, N B (1960) Adrenergic Mechanisms, edited by Vane, Wolsten- 
holme, and O’Connor, p 270 London Churchill 
CHAPMAN, N B , and JAMES, J w (1954) J Chem Soc , 2103 
CHAPMAN, N D, JAMES J W, GRAHAM, J D P , and LEWIS, G P (1952) 
Chem and Ind, SOS 

CHEN, K K , and SCHMIDT, c F (1925) / Pharmacol , 24, 339 
CHEN, K K , and SCHMIDT, c F (1930) Medicine, 9, 89 
CHEN, K. K., wu, c. K , and HENRIKSCN, E (1929) J Pharmacol ,36, 363 
CLAASEN, V.andNOACH, E L (1960) Arch mt Pharmacodyn , 126, 332 
COOKSON.R c (1953) Chemistry and Industry, 331 

COTZIAS, o c, BERLIN, I, and GREENOUOH,j J (1954) Science, 120, 144 
CRAIG, L, C , SHEDLOVSKY, T , GOULD, G , and JACOBS, W A (1938) J 
Biol Chem , 125, 289 

CRAWFORD, T B B , and OUTSCHOORN, A. s (1951) Bnt J Pharmacol, 
6,8 

CUSHNY, A R (1908) / Physiol ,yt,\3Xy 



References (Chapter IX) 415 

CliSHNY.A R (1909) J PWo/,38,259 
DALE, H n (1906) J Physiol, 34 , 163 
DAVISON, A N (1957) Biochem /,67, 316 
DAVISON, A N (1958) Physiol Pev, 38,729 

DEJALON.M o.hayo.j b , and db JALOK, f g (1945) Farmacoter. Act , 
3,313 

della BELLA, d , and GALLI, G (1955) Arch int Pharmacodyn , 101, SI 
DOMENjoz,R,andFLEiscH,A (1940) Arch exp Path Pharmak ,195,^09 
DORNHORsr, A c , and HERXHEiMCR, A (1958) Lancet,2,725 
DORNHORST, A c , and LEATHART, o L, (1952) Lancet, 2, 109 
DORNHORST, A c , and ROBINSON, B F (1962) Lancet, 2,514 
•eichholtz(1928) Munch med Wschr ,75, 12SI 
ELMES, p c , and JEFFERSON, A A (1942) Brit med 1,1,55 
EMDE, H (1929) Heh chlm Acta, 12, 365 
EXLEY, k A (1957) Brit J Pharmacol , 12, 297 

FARRANT,j (I960) Adrenergic Mecbonisms, t6itedhyVasie,VlD\steTihD]me, 
and O’Connor, p 348 London Churchill 
PASTIER,? N, and SMIRK, F H (1943) J Physiol , 101, 579 
PASTIER, F N, and REID, c s w (1952) Bnt J Pharmacol , 7, 417 
FELLOWS, E J, MCLEAN, R A, MACRO, E, KERWIN, / F, HALL, G C, 
MlLNESjF / ,wiTT, I H , fiod ULLYOT, o B (1954) J PhormacoJ , 110, 
463 

FINKLBMAN, B (1930) J PhysloJ ,70, 145 
flXcher, f (1909) Z Physiol Chem , 58, 189 
FLEMING, w w, and HAWKINS, D p (1960) J Pharmacol , 129, \ 
FOLKow, B (1960) /iflVc/iergic edited by Vane, Wolstenholme, 

and O’Connor, p 190 London Churchill 
FOLKOW, B , and UvnAs, B (1948) ActaPhyswl Scand, IS, 565 
fourneau, e , and bovet, D (1933) Arch int Pharmacodyn , 46, 178 
FREiS, E D , andFiNNERTY.F A (1950) Proc Soc exp Biol N Y ,75,15 
FREUDENBERG, K , and NIKOLAI, F (1934) Lieblgs Ann , SIO, 223 
FROMKERZ, K (1923) Dtsch med }y5chr,49,S\4 
FURCHGOTT, R, F (1954) Federation Proceedings, 13, 556 
FURCHGOTT, R F (1955) Pharmacol Pcf.?, 183 
FURCHOOTT, R F (1959) Pharmacol Rev , 11, 429 
FURCHGOTT, R F (1960) Adrenergic Mechanisms, cdiiedby V^nc.y/oliten- 
holme, and O’Connor, p 246 London Churchill 
FURCHGOTT, R F , and BHADRAKOM, s (1953) J Phormacol , lOS, 129 
OADDUM, J H,andKWiATKOWSKi, H (1938) / Physiol ,94, S7 
OADDUM, J H , and LEMBECK,F (1949) Brit J Pharmacol , 4, 401 
GADDUM, J H, PEART, W s , and VOGT, M (1949) J Physiol ,10S, 467 
GARDINER,! E , and THOMPSON, J w (1961) Nature, 191,66 
GINSBURG, J, and COBBOLD, A F (1960) Adrenergic Mechanisms, edited 
by Vane, Wolstenholme, and O’Connor, p 173 London Churchill 
GLENN, A L (1954) Quart Rev chem Soc , 8, 192. 

* Ko uutial giwn on paper 



416 Introduction to Chemical Pharmacology 

GLYNN, H E.andLiNNELL, w II (1932) Quart J PAorm, 5,480 
GOLDBERG, L r,COTTEN,M DEV,DARBY,T D , and HOWELL, E V (1953) 
J Pharmacol , 108, 177 

GOWDEY, c. w (1948) Brit J Pharmacol ,3, 2S4 
GRAHAM,! D p (1957) Brit J Pharmacol , 12, 

GRAHAM, J D p (1962) Progrcss m Medicinal Chemistry Vol II, p 132 
London Buttcnvorths 

GRAHAM, J D P , and JAMES, OWL (1961) J med pharm Chem , 3, 489 
GRAHAM,! D p, and LEWIS, c P (1953) Brit J Pharmacol ,S, 54, 
ORANA, E, and LiLLA, L (1959) Bnt J Pharmacol , 14, 501 
GROSS, F , DRUEY, J , and MEIER, R. (1950) Experientia, 6, 19 
CROSS, F, SCHULER, w, TRIPOD, J , and MEIER, R (1952) Experienlia, S, 
229 

GUNN,! A (1939) Brit med J, 2, 155.214 
GUNN,! A, and CURD, M R (1940) J Ph}siol, 92, 453 
HAGEN, p , and BARRNETT, R J (1960) Adrenergic Mechanisms, edited by 
Vane, Wolstenholme, and O Connor, p 83 London Churchill 
HARTMANN, M , and ISLER, 1! (1939) Arch exp Path Pharmak, 192 , 141 
HARTUNO,w H, MUNCH,! c , and CROSSLEY, p s (1935) J Amcr chem 
500,57, 1091 

HARVEY, s c , and NICKERSON, M (1953) J Pharmacol ,199,32% 

HARVEY, s c , and NICKERSON, M (1954) J Pharmacol , HZ, 224 

nENRY,T A (1949) The Plant Alkaloids,4thtd ,p 517 London Churchill 

HESSE, E. and LANOCR,! (1931) Med Klin, 12 , 1536 

HBY.P (1952) Brit J Pharmacol ,2 , 117 

HEY, p , and WILLEY, o L (1953) J Physiol, 122, 25? 

HEY, P, and WILLEY, o L (1954) Bnl J Pharmacol, 9, All 

HILL,! M, and MANN, p J G (1962) Biochem J ,%5 , 198 

HOLTZ, p (1939) NatuTMissenschaften, 12, 724 

HORITA, A (1958) J Pharmacol, 122, 176 

HUTTER, o F (1957) Bit med Bull, 13, 176 

HYNE,! B (1959) J Amer chem 5oc,8l,6058 

INNES, r R (1962) Bnt J Pharmacol, 19, 170 

JAMES, w o (1948) Nature, 161, %5\ 

!OHNSON,H D, GREEN, H D , and LANIER, J T (1953) / Pharmacol , 10%, 
144 

KEHRER, E (1907) Arch fir Gynakol, Sly 160 

kiRSHNER, N (1960) Adrenergic Mechanisms, edited by Vane, Wolsten- 
holme, and O Connor, pp 17 and 45 London Churchill 
KOHLI, ! D , BALWANI, ! H , RAY, C.. and DE, N N (1957) Arch int 
Pharmacodym , 111, 108 

KUKOVETZ, W R>, HESS,M E , SIIANFICLD, J , and HAUGAARD, N (1959) 

J Pharmacol , 127, 122 

KONZETT, H (1940) Arcli exp Path Pharmak , 192, 27, 41 
KOOPMAN, p c.(1960) Thesis, Umvexsity of Nijmegen 
KUSCHiNSkY, G (1930) Arc/j exp Path Pharmak , 156, 290 



References (OiopSer IX) 41 7 

KUSCHINSKV, G , and OBERDISSE, K (1931) Arch exp Path Phamak , 
162, 46 

LANDS, A M (1952) J P/wr/nnco/ , 104, 474 
LANDS, A M 0952) J P/wrmacof, 106, 440 
LANDS, A M , and GRANT, J I (1952) J Pharmacol , 106, 341 
LANDS, A M.LUDUENA.F p.andTULLAR B F (1954) J Pharmacol 
469 

LANDS, A M , NASH, V L , DERTINGER, B L , GRANGER, 11 R , and 
MCCARTHY, It M (1948) J Pharmacol , 92, 269 
LANDS, A M,NASH, V L , GRANGER, H R , and DERTINGER, B L (1947) 
J Pharmacol , 89, 382 

LANDS, A M.NASH, V L , MCCARTHY, H M , GRANGER, H R , and DER- 
TINGER, B L (1947) J PAnrmacn/, 90, 110 
LANDS, A M , and TAlNTER, M L (1953) Arch exp Path Pharmak , 219, 
76 

LEACH, G D H (1956) J Pfiarm Pharmacol, 8, 501 
LEHMANN, G, and RANDALL, L o (1948) J Pharmacol , 92, U4 
LEWIS, G p (1954) Brit J Pharmacol ,9, A%% 

LEWIS,! H,andKOESSLER, K K (1927) Arch ml Med, 29, IS2 
LEVY.B (1959) J Pharmacol, m, 150 
LEVY, J, and DITZ,E (1934) Arch inf Pharmacod^m , 47, 13B 
LiSH, p I.L, DUNGAN, K w , and PETERS, E L (I960) J Pharmacol , 129, 
191 

LOEW, B R , and micetick, a (1948) / Pharmacol ,92 , 434 

LUDUENA, F P, ANANENKO, E, SIEGMUND, 0 H , and MILLER, L. C 

(1949) / Pharmacol, 95 , 155 

LUDUENA, F P , VON EULER, L , TULLAR, B F, and LANDS A M (1957) 
Arch mt PharmacodyTi , 111, 392 
MACMILLAN, W H (1959) Brit J Pharmacol , 14, 2i5 
MANN, p I <3 (1961) Biochem J, 79, 622 
MANN, P J G , and QUASTEL, J H (1940) Biochem 7,34,414 
MARSH, D F , HOWARD, A , and HERRING, D A (1951) J Pharmacol ,102, 
325 

MAXWELL, R A , MULL, R P , and PLUMMER, A I (1959) Expencntia, 15, 
267 

MAXWELL, R A.PLUSIMER.A J.POVALSKl II , and SCHNEIDER, F (1960) 
J Pharmacol , 129, 24 

MAXWELL, R A, ROSS, s D and PLUMMER, A J (1958) J Pharmacol ,123, 
128 

MAYER, s E, and MORAN, N c (1960) / Pharmacol , 129, 211 
MELi, A , and FRANCHESiNi, J (1957) Arch mt Pharmacodyn , 110, 
20 

MOORE, p E , RICHARDSON, A w , and GREEN, H D (1952) J Pharmacol, 
m, 14 

MORAN, N c, and PERKINS M E (1958) J Pharmacol ,124,222 
MORTON, M c , and TAlNTER, M L (1940) J Physiol ,9S,262 



418 Introduction to Chemical Pharmacology 

MOYER, J H.HUOOINS, R A , and HANDLEY, c A (1953) J Phormacol , 
109, 175 

M0oaE,H (1937) Khn Wschr,16,mi 
NAOAi, N (1887) Pharm 2eH,32,700 
NICKERSON, M (1949) Pharmacol Jfei',1,27 
NICKERSON, M (1957) Pharmacol Rev, 9,246 

NICKERSON, M, and GOODMAN, L 8 (I94Q Federation Proceedings, 5, \94 
NICKERSON, M , and GOODMAN, L. s (1947) J Pkarmocoi , 89, 167 
NICKERSON, M, and OUMP.W s (1949) / Pharmacol ,91,21 
NICKERSON, M , and NOMAOUCHI, o M (1948) J Pharmacol ,92, iVi 
NICKERSON, M.NOMAQUCHi.G M , and GOODMAN, L. s (1946) Federation 
Proceedings, 5, 195 

O’LEARY, J F (1953) Federation Proceedings, 12, 355 
OLIVER, o , and schAfer, e. a (1895) J Physiol , 18, 230 
PHILLIPS, D C (1954) AciaCryst ,l,\i9 
PHILPOT, F J (1940) J Physiol ,9n,2(s\ 

PILKINCTON,T R E,LOWE,R D, ROBINSON, B F , and TITTERINGTON, 

£.(1962) Lancet,2 316 

PISSEMSKI, s A. (1914) PJiug Arch ges Pbyswl , \S6, 426 
POWELL, c E, and SLATER, I II (1958) J P/Kj/wflfo/ , 122, 480 
PRATES/, p , and BLASCHKO, 11 (1959) Bni J Pharmacol, J4, 256 
PRATESI,P,LAMAHNA, A., CAMPIOLIO,A.aDdOHISLANDl,V (1958) J 
Chem Soc , 2069 

PRATESI,P , LAMANNA, A , CAMPIOLIO, A , and OHISLANdI, V (1959) J 
Chem See , 4062 

PRELOC, V,andHAFLiOER, 0 (1950) Helv chlm .4c/o, 33, 2021 
qUERlDO, A (1924) Amer J Physiol ,10,29 
RANDALL, L o (1946) J PAdrmaco/ , 88, 216 
RANDALL, L O , and SMITH, T H (1951) J Pharmacol , 103, 10 
RAPELA, c E, and GREEN, H D (196!) J Pharmacol ,121,29 
RAYMOND-HAMET (1943) C R Acad Sci Paris, 217, 303 
ROBERTS, o, RICHARDSON, A w, and GREEN, H D (1952) J Pharmacol, 
105, 466 

ROBSON, / M, and STACEY, R s (1962) Recent Advances in Pharmacology, 
3rd ed , p 315 London Cburcbill 

ROSENBLATT, W H, RAYMOND, T A , BBLLET, S , and KOELlE, G B (1954) 
Amer J med Set , 217 , 179 

ROSBNBLUETH, H, and CANNON, W B (1932) Amer J Physiol , 99, 29S 
ROTHLIN, E (1947) Bull Schneiz Akad med fViss,2,249 
SARKAR, S .BANERJEE, R , 1SE,M S , and ZELLER, E A (I960) Helv chim 
Acta, 43, 439 

SAXTON, J E. (1960) The Alkaloids edited by Manske Vol vn pp 9 and 
44 New York Academic Press 
SCHAUMANN, 0 (1936) Arch exp Path Pharmak, ISl, 137 
SCHILD, H o (1960) Adrenergic Mechmlsms, edited by Vane, Wolsten- 
holme, and O’Connor, p 288 London CburcbilL 



419 


References {Chapter IX) 

SCHLOSSMANN, H (1927) Arch exp Path Pbarm , 121, 160 
SCHMIDT, P , and scholl * (1928) Munch med Wschr , 75, 1283 
SCHULER, w, and WYSS, E (1960) Arch int Pharmacodyn , 12S, 
SCHULTZ, w II (1909) J Pharmacol, 1,291 
sciiOmann, H j (1960) edited by Vane, Wolstcn- 

holme, and O’Connor, p 6 London Churchill 
SINGH GRBWAL, R (1952) Brit J PharmacoJ 

SOLLMANN, T , and VAN OETTINGEN (1928) Proc Soc cxp Biol NY, 25, 
692 

STADB, A M (1939) Am Inst Pasteur, 63, 400, 485 
STENLAKE, J B (1953) C/iemisiry and Industry, 1089 
STENLAkE, J B , and RAPHAEL, R. A (1953) Chemistry and Industry, 1286 
STOLL, A , and hofmann, a (1943) Hcly chlm Acta, 26, 944, 1570 
STOLL, A, HOFMANN, A, and BECKER, B (1943) Heh chm i4cffl,26, 1602 
STOLL, A , HOFMANN, A , and PETRZILKA, T 0951) Hch chim Acta, 34, 
1544 

STOLZ,F (1904) Ber Dtsch chem Cm. 37, 4149 
STOLZ, F , and flXcher, F (1904) DRP, 71,312, 155 632, 157.300 
STONE, c. A , and LOEW, E R (1952) J Pharmacol , 106, 226 
SUTHERLAND, E w , and RALL, T w (I960) Adrenergic Mechanisms, 
edited by Vane, Wolstcnholme, and O Connor, p 295 London 
Churchill 

SWANSON, E E, and CHEN, K K (194Q J PAflrmflCO/ , 88, 10 
SWANSON, E E , SCOTT, c c , LEE, II M, and CHEN, K K (1943) J Pharma- 
col, 19 , 329 

SWANSON.E E,STELOT,F A, and CHEN, K K (1945) J Phamiacol ,S5, 70 

TAINTER, M L. (1930) Quart J Pharm , 3, 584 

TAINTER, M L (1930) J Pkarmacol , AO, A7 

TAINTER, M L. (1932) Arch int Pharmacodyn , 42, 128 

TAINTER, M L. (1933) Arch int Pharmacodyn , 46, 192 

TAINTER, M L.pEDDEN.j R, and J AMES, M (1934) J Pharmacol ,5i, 371 

TAINTER, M L , and SEIDENFELD, M A (1930) J Pharmacol , AO, 23 

TAKAMINE, J (1901) Amcr J Pharm , 73, 523 

THOMPSON,! w (1958) / Phystol , lAl, A6 

TREFOUEL, J, TREFOUEL, I, and DUNANT, Y (193S) BuU dcs SC! 

Pharmacol , 42, 459 

TRIPOD, J, and MEIER, R (1954) Arch int Pharmacodyn , 99 , 104 
TULLAR, B F (1948) J Amer Chem Soc , 70, 2067 
VANE,J R (1957) Brit J Pharmacol ,12, 3AA 

VANE, J R (I960) Adrenergic Mechanisms, edited by Vane, Wolstcnholme, 
and O Connor, p 356 London Churchill 
VANE, J R (1961) Communication to British Pharmacological Society (un- 
published) 

VANE,J R (1962) Recent Advances in Pharmacology, edited hyKohion and 

Stacey, 3rd ed , p 95 London Churchill 

* No uutul gnreo on paper 



420 Introduction to Otemical Pharmacology 

VON EULER, u s , and FLODING, I (195^ Acta physiol i’cani, 33, supple 
ment, 118, 45 

VON EULER, u s , and iiAMDERO, o (1950) Acta physiol Scand,t9,74 
WADDELL,! A (1916) J Pharmacol , S, SSt 

WEISSBACH, H , REDFIBLD, B O , and ODENERIEND, S (1957) J Btol 
Chem , 229, 953 

WEST, o B (1947) J Physiol, 106,418 
WEST,0 B (1949) Brit J Pharmacol ,2t 111 

ZELLER, E.A (1951) 7'Ae£n3>OTer, edited by Summer and Myrback, Vol II, 
part I, p 536 New York Academic Press 
ZELLER, E A (1960) Expmentia, 16, 399 

ZELLER, E. A, BARSKY, J , and BERMAN, E R (1955) J Btol Chm, 2\i, 
267 

ZELLER, E. A , BARSkY, J , BERMAN, E. R , CHERKAS, M S , and TOUTS, 
J R (1958) J Pharmacol 

ZELLER, E. A , BARSkY, J , FOUTS, J R , KIRCHHEIMER, W F , and VAN 
ORDEN, L S (1952) Experienlia, 8, 349 

CHAPTER X 

AARON, T H , and CRIEP, L H (1948) Canad med Ass J , 59, 438 
ACKERMANN, D (1910) Z Physiol C/iem , 65, 504 
ADAMSON, D w (1951) Chemistry and Industry, 2 
ADAMSON, D w (1949) J Chcm 5oc , supplement, p 144 
ADAMSON, D W, BARRETT, P A BILLINGHURST, J W, and JONES, 
T s G (1957) J Chem Soe,23lS 

ADAMSON, D W , and BILLINGHURST, J w (1950) J Chcm Soc, 1039 
AKABORI, s , and kaneko, t (193Q Chemuches Zentralblali, n, 1724 
ALLES, G A, WISEGARVER, B B , and SHULL, Mjt (1943) J PhoTmacol , 
77, 54 

ANGELAkOS, E T,andLOEW, E R (1957) J Pharmacol ,119,444 
ANGELAkOS, E T , and LOEW, E R (1958) Arch int Pharmacodyn , 117, 
277 

ARUNLAKSHANA, o,andscHlLD, H o (1959) Brit J Phormacol , 14, 4S 
BAIN, w A (1951) Ti^ie 76, 573 

BAIN, w A (1951) Proc Roy Soc Med,A2,6\5 
BARGER, O H, and DALE, H H (1910) / Cftcm Soc,2S92 
BARLOW, R B , and KHAN, I (1959) Bnt J Pharmacol , 14, 99 
BORN, o V R , and vane, j r (1953) J Physiol , 121 , 445 
BORSY, J, LAZAR, I, csiZMADiA, z, andTOLDY, L (1959) Acta physiol 
Acad Sci Hung, 15, 2^9 
BOVET, D (1947) Rend 1st sup 5(znfA7, 10, 1161 

BOVET, D HORCLOIS, R.andWALTHERT, F (1944) CR Soc btol Fans, 
138, 99 

BOVET, D,andSTAUB, A M (1937) CR Soc btol Pans, 124, 547 
BROWN, R D (1955) Aust J Chem, S,1(X) 



References {Chapier X) 421 

CASTILLO,! c, DC BEER, E J , and JAROS, s H (1949) J Pharmacol , 96, 
388 

CERKOVNrkOv, c , and stern, p (194^ Arh Kenuju , 18, 12 
CHEN, G , and RUSSELL, D (1950) J Pharmacol, 99, 401 
DU VIGNEAUD, V , KESSLER, C , SWAN, J M , ROBERTS, C W , KATSOYA- 
MIS, p G,and GORDON, s (1953) J Amer c/jem/ 5oc , 75, 4879 
EDGE, N D (1953) Arch int Pharmacodyn , 95, A2S 
ELMORE, D T (1961) Annual Reports Ckem Sac, SB, 500 
ENSOR, C R , RUSSELL, D , and CHEN, o (1954) J Pharmacol, 112, 318 
EWiNS, A J (1911) J Cfiem Soc,20S2 

FEINSTONE, w II , WILLIAMS, R D , and RUBIN, B (1946) Proc Soc exp 
Biol 7\^y,63, 158 

GADDUM, J H (194Q Rril med J,867 

CADDUM, J H,}IAMEED, k A , HATHAWAY, D E , and STEPHENS, F F 
(1955) Quart J exp Physiol ,40, A9 
GARFORTH, B , and PYMAN, T L (1935) J Chcm Soc , 489 
GATZEK.ir.andMECHELkE, k (1950) Arch exp Path Pharmak ,211, A5S 
GRAHAM,! D p , and LEWIS, G p (1953) JBrit J Pharmacol, 8, SA 
GREEN, A F (1953) Brtt J Pharmacol, 8 , 171 

CR0SSMAN,M I , ROBERTSON, c , andROsiERE, c B (1952) J Pbormacol , 
104, 277 

OYERMEK, L (1961) Pharmacol Rev, 15,599 
HALPERN, B N (1942) Arch mt Pharmacodyn , 68, 339 
HALPERN.D N , aod DUCROT, R (1946) CR Soc biol Pam, 140, 361 
HAMLIN, K E, WESTON, A W, FISCHER, F E , and MICHAELS, R ! (1949) 
J Amer chem Soc , 71, 2731 

HAWKINS, D P.andscHiLD, H o (1951) Brit J Pharmacol, 16, 682 
HEUBNER, C F (1951) J Amer chem 5'oc,73, 4667 
HUEBNER, C F , TURNER, R A , and SCHOLZ, c R (1949) J Amer chem 
Sac , 71, 2801, 3942 

HUTTRER, C P , DIERASSI, C., DECARS, W L , MAYER, R L,, and SCHOLZ, 

c R (1946) J Amer chem Soc, 68, 1999 
lOCELYN, P c (1957) Arch mt Pharmacodyn , 113, 251 
LABELLE, A , and TiSLOW, R (1955) J Pharmacol , 113, 72 
LEE, H M, and JONES, R o (1949) J Pharmacol , 95, 11 
LEHMANN, G (1948) J Pharmacol , 92, 249 
LEVY, M (193^ J Biol Chem , 109, 361 

LISH.P M, ALBERT, ! R, PETERS, E L., and ALLEN, L E (I960) Arch Wt 
Pharmacodyn , 129, 77 

LITCHFIELD,! T,ADAMS,M R , GODDARD, L .JAEGER, M S.andALONSO, 

(1947) Bull Johns Hopkms Hasp , 81, 55 
LOEW, E R, KAISER, M E , and MOORE, V (1945) J Pharmacol ,85 , 120 
LOEW, E R , MACMILLAN, R , and KAISER, M E (1945) J Pharmacol , 86, 

229 

LOVEJOY, H B, FEINDERG, S M, and CANTERBURY, E A (1949) J 
Allergy, 20, 350 



422 Introduction to Chemical Pharmacology 

MARSHALL,? B (1955) Brit J PAflmaifo/ , 10, 270 

MCGAVACK, T II , SHEARMAN, A M , WEISSBERC, 3 , FUCHS, A M , SCHUL- 
MAN,P M.andDREKTER.i 1 (1951) J Allergy, 22, 

MCGAVACK, T II , SHEARMAN, A. M , WEISSBERC, 3 , FUCHS, A- M , SCHUL- 
MAN, P M, CHEVALLEY.J.DREKTER, I J , and BOYD, L J (1950) J 
Allergy, 21, 353 

MEIER.R, and BUCHER, K (194^ Scfutetz Med Wschr ,76,294 
NICKERSON, M (1956) 178, 697 

NICKERSON, Ji , and KARRIS, F B (1949) Federation Proceedings, 8, 321 
NIEMANN, c, and HAYS, J T (1942) J Amer chem Soc, 64,2288 
NIESCHULZ, o, HOFFMANN, I, and POPENDIKER.K (195Q Arznemittels 
forschung, 6, 651 

NIESCHULZ, o, POPENDIKEB, K, and SACK, K H (1954) Arzneimittels 
forschung, 4 , 232 

NiESCHULZE,o,POPENDiKER,K.,andHOFFMANN,i (1955) Arzneimiiteb- 
forschung, 5, 680 

NIESCHULZ, 0, POPENDIKER.K., and SCHEUERMANN, R (1956) Arznei 
mltteUforschung, 6, 36 

NORTON, S, COLVILLE, K I , LIGHT, A E., WNUCK, A L , PANELLI, R V, 
andDBBEER,E.J (1954) J Pharmacol ,112,297 
p’ANjS Y,GARDOCKI,J F , and REILLY,! C (1954) J Amer Pharm Ass, 
43, 653 

PATON, w D M (1957) Pharmacol Pev,9,269 

PULLMAN, A, andMETZOER,fcL! (1948) Bull Soc chim France, IS, \02l 

PYMAN.F 1,(1911) J Chem Soc, 2172 

PYMAN, F L (191Q J Chem Soe, 186 

REUSE,! I (1948) Bril J Pharmacol ,3, 174 

RILEY,! F (I960) Endea\our,l9,4 

ROBSON,! M, and STACEY, R s (1962) Becent Adionces in Pharmacology, 
3rd ed , p 122 London Churchill 
ROTH, F E , and COVIER, w M (1958) J Pharmacol , 124, 347 
RYALL,R w (1956) Brit J Pharmacol , 11, 339 

RYLE, A. P , SANGER, F, SMITH, L. F, and KITAI, R (1955) Biocliem J, 
60, 541 

SANGER, F , and THOMPSON, E o p (1953) Biochem J, 53, 353, 366 
SCHACHTER, M (1962) Recent Adtonces m Pharmacology, Zsd ed , ^ 156 
London Churchill 

SCHAYER, R w (1956) Brit J Pharmacol , 11, 472 

SCHAYER, R w (1959) Physiol Rer, 39,116 

SCHAYER, R w (I960) Bril J Pharmacol, 15,351 

SCHILD, H o (1947) Brit J Pharmacol 2,189,251 

SHEEHAN, I c, and ROBINSON, c A (1949) J Amer chem Soc, 71, 1436 

SOURKES, T L (1954) Arch Biochem , SI, 444 

SPERBER,N,PAPA,D,scHWENK,E,aadsiiERLOCK,M (1949) J Amer 

chem Soc , 71, 887 

STAUB, A.M (1939) Ann Inst Par/ear, 63, 400, 485 



References 423 

TAMAMUSHi, Y , and SHiBOTA, T (1934) Chemischcs Zentralblatt, I, 546 
TOLDY, L , VAROHA, L , TOTH, I , and BORSY, J (1959) Acta chim Acad 
Sci Hung , 19, 273 

TUPPY, H (1953) Rtochun Biophys Acta, II, 449 
UNGAR, G , PARROT, J L , and BOVET, D (1937) C R Soc biot Pans, 124, 
445 

VAN DER BROOK, M J , OLSON, K J , RICHMOND, M T , and KUIZENOA, 
M H (1948) J Pharmacol ,94, W1 
VARTiAiNEN, A (1935) J Pharmacol ,54,1SS 
ViAUD, p (1954) J Pharm Pharmacol , 6, 261 

WHITE, A C, GREEN, A F , and HUDSON, A (1951) Brit J Pharmacol, 6, 
560 

WiNDAUS, A , and vOgt, w (1907) Ber Dtsch chem Ges ,40, 3691 
YONKMAN, F F , CHESS, D , MATHIESON, D , and HANSEN, N (1946) J 
Pharmacol , 87, 256 


CHAPTER XI 

ALBERT, A (1952) Pharmacol jRev,4, 136 

ALBERT, A (I960) Sclecine Toxicity, 2fld ed , Chapters 7 and 13 London 
Methuen 

BAUM, F (1899) Arch exp Path Pharmak,4Z, 119 

DRINK, F, and POSTERNAK, J M (1948) J Cell comp Physiol ,22,211 

DRODIE, D D, andiiooDEN, c A M (1957) J Pharm Pharmacol , 9, 245 

CLARK, A J (1930) y4rc/i Int Pharmacodyn , 38 101 

FERGUSON, J (1939) Proc Roy Soc , B, 127, 387 

h6ber, R (1907) P/lug Arch ges Physiol, 120,492 

LILLIE, R S (1909) Amer J Physiol, 24, 14 

MEYER, H H (1899) Arch exp Path Pharmak , 42, 109 

MEYER, H II (1901) Arch exp Path Pharmak , 46, 338 

MEYER, K H (1937) Trans Faraday Soc ,22, 1062 

X Jif and hfajajj JJ ()92^ Bwchem Z, 277, 39 
MULLINS, L (1954) Chem Rev 54, 289 
OVERTON, E (1901) Studien uber die hlarkose, G Fischer, Jena 
OVERTON, E (1902) Pflug Arch ges Physiol, 92, 115 
RANG H P (I960) Brit J Pharmacol , 15, 185 
SUCKLING, c w (1957) Bnt J Anaesthesia 29, 466 

SUTTON, L E , JENKlN, D O , MITCHELL, A D , and CROSS, L C (1958) 
Interatomic Distances, Chemical Society Special Publication Number 1 1 , 
London 

TRAUBEjJ (1904) Pflug Arch ges Physiol, 105,541 
WARBURG, o (1921) Biochem Z, 119, 134 
wiNTERSTEiN, H (1915) Biochem Z, 70, 130 



APPENDIX 


Note This js an extremely elementary account which is intended to provide 
tlie reader who knows no anatomy, physiology, or biochemistry with suffi- 
cient background to make the rest of the book intelligible 
For general reading the reader is referred to Introduction to Physiofog} , by 
W H Newton (Arnold, London, 1948) and to the more detail^ accounts. 
Human Ph}siology,hyF R WintonandL E Bayliss (Churchill, London, 
5lh edition, 1962) and Applied Physiology, by Samson Wnght (Oxford 
University Press, 10th edition, by C A Kcele and E Neil, 1961) The 
chemist may find that A Textbook of General Physiology, by H Davson 
(Churchill, London, 2nd edition, I960) gives a fascinatmg account of the 
scientific pnnciples involved in certain aspects of physiology Reference may 
also be made to The Principles of Human Physiology, by E H Starling and 
C Lovatt Evans (Churchill, London, 13th edition, by H Davson and G 
Eggleton, 1962) 


Part I: The Body as a Machme 

Supply of energy - Extraction of food - Ftinction of the liver storage of protein 
- Absorption and storage of fats - Combustion of fuel - Eliminalion of waste pro- 
ducts - Maintenance of blood<ells - The lymph > Muscles structure and function - 
Involuntary and cardiac muscle, the heart 


Supply of Energy 

In certam aspects the human body is a machine, converting chemical energy 
into mechamcal and thermal energy In a petrol engme the energy is derived 
from the oxidation of hydrocarbons, but in the body it is obtained m three 
ways 

(1) By oxidation of carbohydrates. 

(2) By breakdown ofprotems, and 

(3) By breakdown of fats 

Normally all three are involved, but the first contributes by far the largest 
amount of energy 

Extraction of Food 

Tlie petrol put into the tank of a car is pure fuel, the process of extracting it 
from crude oil having been performed at the refinery The body, on the other 
hand, is usually presented with its fuel m a crude state and has to extract 
what it can utilize From the time it enters the mouth to the time it reaches 
the colon before removal food is conUnoonsly subject to degradation and 
424 
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extraction (Fig App 1 1) Carbohydrates, the chief source of energy, are 
first acted upon by the enzyme ptyalin which is secreted m saliva This 
begins the breakdown of polysaccharides, such as starch, into simpler ones, 
dextrin and maltose, but it has no action on fats or proteins The effect of 




(ptyalin) 

POirSACCHARlOBS MALTOSE 

PARTIALLY 


ITfiXPSin) 

^-'aCIDS 0 GLYCEROL 

PARTIALLY 

{AMWOAaaS C-FATS ABSORBED 
^^cSsACCRARlDE^^^^^OmSACCHARlDeS 
\MOmSACCRARIOES ABSORBED 
FIG APP \\b The engine of the body 


ptyahn on food (or drugs) is not really important because the enzyme has 
only a short time in which to act The food passes rapidly into the stomach, 
where it is acted upon by the gastric jmce This is aad and stops the action of 
ptyahn It contains the enzyme pepsin which degrades proteins to proteoses 
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and peptones It has httlc or no effect on fats and sugars, ■which are nn- 
aflected until the food passes out of the stomach, through the pyloric valve, 
into the mtestme Here the food is acted upon by a secretion from the 
pancreas and by the bile 

Pancreatic juice is alkahne and contains the enzymes trypsin (actually as 
an inactive precursor, trypsmogen, which ts converted into trypsin in the 
intestine), amylase, and lipase, which act on proteins, carbohydrates, and 
fats respectively Trypsin resembles the pepsin of the stomach except that 
it acts much more rapidly, more powerfully, and in alkaline solution It 
completes the final breakdown of peptones to polypeptides and amino-acids 
The action of pancreatic amylase is similar to that of plyalin, but, agam, it is 
much more efficient and completes the conversion of starch into dextrin 
and thence into maltose Pancreatic lipase hydrolyses fats into fatty acids and 
glycerol 

The bile flows into the intestine from the common bile duct This is 
supplied by the liver (through the hepatic duct) and by the gall bladder 
(through the cystic duct) It is to some extent a means of excreting waste 
products, such as the bile pigments which are formed from the destruction 
of old red blood cells It contams chohe aads, which have an emubifying 
effect on fats and may thereby aid their absorption through the wall of the 
intestine 

The alkaline juice secreted in the lower part of the mtestme contains the 
enzymes maltase, mvertase, and lactase, which affect the breakdown of 
disaccharides into monosacebandes 

The intestine is normally continuously in movement like a concertma, and 
the intesunal wall contains vast numbers of fine capillaries filled with blood 
Ammo aads and sugars are absorbed through the wall into these capillanes 
and so reach the blood stream The process of absorption does not appear to 
be just a passive diffusion There are defimte mechanisms for the transport 
of these elemental food stuffs 

Function of the Liver* Storage of Protem 

It is at the intestinal capillanes that ammo aads and sugars enter the body 
in a usable form The nch blood from these flows into the portal vein which 
supplies the liver, and in this organ glucose is converted rapidly into the 
polysacchande glycogen and stored Glycogen can equally rapidly be re- 
converted to glucose, and so the body is able to maintain the glucose con 
centration in the blood at a fairly steady level whether it is at rest after a 
meal or working strenuously Muscle also has the property of stonng glucose 
as glycogen, and can thus provide itself with a local store for its own needs 
Amino-acids are not stored by any such mechanisms but are slowly re- 
converted into proteins or broken down the nitrogen appearing as ammonia 
and urea 

Fats do not enter the body through the intestinal capillanes but through 
other vessels m the intestinal wall called lymphatics It is thought that, to 
some extent at least, they enter these vessds in the form of fatty aads and 
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glycerol (having been converted mto these m the intestine by pancreatic 
hpase) and are there reconverted mto fat Fats arc stored partly m the liver 
and are also laid down in adipose tissue under the skin 

Combustion of Fuel 

Fats and amino'acids are necessary for the replacement of vital constituents 
m the body such as lecithin and the body proteins The latter are re synthe- 
sized from the amino-acids absorbed, m consequence the proteins in the diet 
must contain suitable ('essential ) amino acids In the same way, certain 
other substances (Vitamins) must be present in the diet, their absence de- 
pnves the body of essential substances which it cannot make itself Proteins 
and fats have an additional function TTie breakdown of proteins furnishes 
an appreaable amount of energy, but the oxidation of fats produces more, 
even, than that of a corresponding amount of carbohydrate The combustion 
of I g of either protein or carbohydrate provides 4 kcals , combustion of I g 
of fat provides 9 kcals All three types of fuel yield energy by enzymic oxida- 
tion or degradation The blood-stream not only provides access to oxygen 
but also ensures the distribution of the fuel The blood consists of cells 
suspended m a straw-coloured Huid called plasma The latter is an aqueous 
mixture which contains the tons sodium, potassium, calcium, chloride, 
bicarbonate, phosphate, sulphate, and lactate as well as the solutes glucose 
and urea, and cholesterol, fats, lecithin, and protein It is isotonic with 0 93 
per cent sodium chloride and the buffering system makes its pH about 7 4 
The red blood cells contain haemoglobin, and it is they which carry oxygen to 
all parts of the body and which are also partly concerned with the elimination 
of the principal waste product, carbon dioxide The haemoglobin is converted 
into oxyhaemoglobin dunng the passage of the blood through the capillaries 
of the lungs Red cells containing oxyhaemoglobin are earned m the arteries 
to the capillaries of organs and muscle where oxidation of fuel occurs Here 
the oxyhaemoglobin is converted to reduced haemoglobin and carbon 
dioxide is taken up by the blood The carbon dioxide is earned to the lungs 
in the venous blood ~ which is darker than artenal blood - chiefly as the 
bicarbonate anion, HC 03 "i present in both red cells and plasma In the lungs 
the bicarbonate amon is reconverted into carbon dioxide and exhaled to 
gether with water vapour Other waste products are removed from the blood 
stream by the kidneys 

Ehmmafion of Waste Products 

The action of the kidney is a three-stage process The kidney contains 
milhons of nephrons, units which consist of a capsule joined to a convoluted 
tubule (Fig App 12) Thefirst process is asimplefiltration, molecules which 
are small enough pass through the walls of the capiUanes in the capsule 
TTiey then pass down the tubule and may be reabsorbed through the walls of 
the tubule and so returned to the blood stream It is only substances which 
fail to be reabsorbed which are excreted into tiie ureter and so mto the bladder 
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The process of rcabsorption, like absorption through the walls of the in- 
testine, involves a definite transporting mechanism 



no APP 1 2 Flhratuin at ihe kidney 


Maintenance of Blood-cells 

In Its turn, the blood is kept supplied with fresh cells, both red and white, 
by the bone-marrow and the spleen The latter is a small organ, situated to 
the left of the stomach Old cells are broken down into bile pigments and 
leave the body via the bile in the faeces 



FIG APP 1 3 Lymph flaw 

The Lymph 

The lymph is a transudate of plasma, that is, it consists of those substances 
water, salts, and a very little protein, which can pass through the walls of 
ordinary capiUanes It provides a bath m which the muscles may work The 
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importance of the lymph in connexion with fat absorption has already been 
mentioned The fluid is collected away into thin walled ducts and returned 
by the principal of these, the left and right thoracic ducts, into the subclavian 
and internal jugular veins (Fig App 13) 

Muscles: Structure and Function 

The parts of the body which actually perform mechanical work are the 
muscles These are of three types called 

1 Plain or involuntary 

2 Stnated, striped, skeletal, or voluntary 

3 Cardiac 

The first is found in all those parts of the body which function auto 
matically (e g the intestines), the second m those controlled by the will (e g 
the limbs) Cardiac muscle, which is also stnated, falls into a class by itself 
All three are composed of individual fibres Plain muscle fibres are long, oval, 
nucleated cells surrounded by a thin membrane These are embedded in a 
common connective tissue and cross linked by fine filaments Voluntary 
muscle fibres are longer than plain muscle fibres, they are often up to 5 cm 
long and about 100 in diameter They consist of contractile substances and 
a sheath which encloses it called the sarcolemma The nuclei without which 
no cell can live, are usually found just below the sarco 
lemma The contractile substance is made up of long 
threads called myofibrils surrounded by a fluid called 
the sarcoplasm It appears to consist of alternate dark 
and light transverse bands called sarcomeres, about 
2-3 n apart The bands arc not discontinuities m the 
structure of the cell They arc caused by differences in 
the optical activity of the cell fluid (i e they are aniso- 
tropic layers) When a fibre is stimulated (e g by an 
electnc shock), a wave of contraction passes along it 
the sarcomeres draw closer together, and it bulges 
(Fig App 1 4) As the svave passes on, the sarcomeres 
separate once more and the fibre returns to normal jiq ^pp i 4 ]Va\eof 
The wave of contraction is accompanied by a flow of muscle contraction 
electnc charge along the fibre in the same direction (.diagrammatic) 
Muscle fibres either respond fully to a stimulus or (After Sharper 
not at all When a muscle is stimulated there is a Schafer) 
latent penod of about 2 msec before it begins to con 
tract The effect reaches a maximum in about 40 msec and finally dis- 
appears after about 200 msec If the muscle is stimulated again before the 
effect of the first stimulus has passed off, nothing may happen if the interval 
between the stimuli is less than the absolute refractory period of the muscle, 
which IS about 5 msec If it is a little longer, the muscle responds only once 
to the two stimuli, but the contraction is greater than that produced by one 
stimulus, although it is nothing like twice the size When the stimuli are 
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further apart, about 200 msec , tw) responses are observed The second js 
modified by the first, and the two become identical only if the stimuli arc 
further apart still Repeated stimuli very close together cause a tetanus, a 
prolonged contraction of the muscle (Fig App 1 5) 



no A?P Effect of increasing rate of silmulaJion on respense of a ner\e-mw!ck 

preparation The responses gradually fused and in the bottom tracing a tetanus has 
been set up 

It seems likely that the contraction of muscle is caused by a change m the 
packing of the myosin molecules (of which the contractile substance is 
thought to be made) from the p to the a structure It is k^o^Yn from X ray 
evidence that the a and p forms of keralio, the protein constituent of hair and 
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wool, differ only m this way (Fig App 1 6) The shrinking of wool is caused 
by a change from the p form to the « 

The chemical reactions involved m the contraction of muscle must supply 
energy, but this is actually needed not for the contraction, but for the re- 
laxation afterwards The contraction is an exothermic process The energy 
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for the reconversion of the myosin of voluntary muscle into the stretched 
form IS obtained from the enaymic breakdown, by myosm itself, of adeno- 
sine triphosphate (ATP) to adenosine diphosphate (ADP) ADP is at once 
re-phosphorylatcd by creatine phosphate (CP), and the energy for the re 
phosphorylation is obtained by the breakdown of muscle glycogen to lactic 
acid which accompanies the re phosphorylation of creatine The latter is a 
much slower process than the others, and m consequence repeated contrac 
tion of the muscle results in the exhaustion of supplies of CP and the ac 
cumulation of lactic acid There is a limit to the amount of lactic acid which 
muscles will tolerate and they become fatigued unless the lactic aad is 
removed The mechanisms which exist for this depend on an efficient circu- 
lation of the blood If oxygen is available, lactic acid can be oxidized to 
pyruvic acid, but it can also be resynthesized into glycogen and thus replace 
losses incurred m the re phosphorylation of creatine This occurs m the liver 
as well as m the muscles, and the necessary energy is obtained from the 
oxidation of food stuffs (mcludiug, as just mentioned, that of lactic acid 
Itself) The whole process can thus be represented 
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When the arculation ceases at death, the last process will stop when supphes 
of oxygen are exhausted It is the accumulation of lactic acid consequent 
upon this which produces the state of general stiffening of the muscles which 
is known as rigor mortis 

About involuntary and cardiac muscle less is known Both resemble 
voluntary muscle in their general behaviour (eg refractory period, etc.) but 
whereas the latter is stimulated by nervous impulses, both the former types 
contract spontaneously, although they may be influenced by external con 
djtjcm jwd jieryous stmtahijon lo tbe bearx. ibythmic contraction is 
initiated by some mechanism which is not understood at a point called the 
pace-maker The biochemical processes involved in the contraction of in 
voluntary and cardiac muscle may be much the same as those in voluntary 
muscle Because it is vital that the heart should not become fatigued, it is 
provided with a special blood supply of its own called the coronary system 
It IS important to remember this when considenng the action of drugs on the 
heart 
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Nervous connexions in the brain 

Function of Nme-cells 

The previous section has described very briefly the workings of what may be 
called the engine of the body The body, however, is more than an engine, 
it IS capable of detecting changes affecting it and readjusting itself to them 

The two sets of apparatus, for detection and for reaction, are remarkably 
similar Both involve special cells called nerve-cclls These consist of a 
nucleus attached to a long fibre which can conduct impulses (the vanous 
types are discussed on page 444) The fibre links the nerve-endings near the 
surface of the body or m its important organs with a junction with some other 
nerve fibre The individual fibres are collected together like the strands of an 
electnc cable, which is the nerve proper or nerve ‘trunk’ (Fig App II 1) 



Fio APP 111 Cross section of a giani nene trunk The individual ner\e fibres 
may be seen collected together into six separate nerves 

Sensory and Motor Fibres 

There are two kwds of nerve Both cao transnut impulses in the form of 
electnc charges, but whereas one type cames impulses may from the surface 
or organ, the other type carries impulses tonards the surface or organ The 
former are called afferent or sensory, the latter, efferent or motor Sensory 
nerves are stimulated when some change occurs at the environment of the 
penpheral nerve endings This may be a change of temperature, an electnc 
shock, or a mechamcal disturbance, such as a pm pnek Motor nerves 
function m the opposite way, an electnea! impulse travelling to the nerve- 
cndings produces a mec hani cal response m the form of a muscle twitch or a 
change m the activity of an organ 

In very low orders of life, a sensory nerve is connected directly with its 
432 
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appropriate motor nerve at what is called a synapse (Fig App II 2) When 
the part of the animal near the sensory nerve is disturbed, the impulse travels 
to the synapse, where, if it is strong enough, it stimulates the motor nerve 
This causes a counter action to be taken the muscles near the motor 
nerve endings As these nerve endings are usually very near to the sensory 
nerve endings, the part of the animal disturbed and the part which reacts is 
effectively the same 



Fio APP 11 2 Pi. Sensory (Afferent) ner\e endtngs Motor (Efferent) 

nerye endings 

The Brain, a Co-ordinating Centre 

In higher forms of life the impulses which the body receives from the enor- 
mous numbers of sensory nerves have to be co ordmated The information 
*my nght leg has been slung just below the knee* elicits not only a twitch 
from the nght leg but also movement of an arm to swat the offending insect 
or tub the injured part This demands something more hkc a telephone 
exchange than an automatic relay, which is what the synapse really is Even 
this analogy is inadequate because the telephone exchange must be intelligent 
The actual mechanism, which is called the centra! nervous system (CNS), is 
better compared with an army staff in continuous communication with its 
inferiors Anatomically it consists of the bram and spinal cord (Fig App 



Fio App n3 A =* Cerebrum "B Cerebellum C = Pons — Medulla 
oblongata 
(After Schwalbe) 

II 3) The commander in chief and his immediate advisers can be considered 
to be located at the cerebrum (A) His jumors are to be found in descending 
order of seniority, lower down (at B, C, and D) These lower ‘centres’ of the 
brain, as they are called, are responsible for functions which arc not normally 
disturbed by the higher centres The respiratory centre, for instance, is in 
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the medulla (D) and functions automatically unless we exercise our wll to 
interfere This voluntary action would involve the higher centres of the 
cerebrum which ‘monitor’ the control of respiration usually exerted by the 
centre m the medulla This kind of momtonflg is important and is especially 
common m still lower parts of the CNS (t e in the spinal cord) 

The Spinal Cord 

This lies inside the hollow part of the vertebrae which form the spine (Fig 
App II 4) It IS continuous with the brain, and the boundary between the 
brain and spinal cord is purely arbitrary Both are covered by the same 
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membrane and sunounded by the same fluid, the cerebrospinal fluid (CSF) 
The substance of the cord consists of white matter with an inner core of grey 
matter The white matter is made up of nerve-fibres each of which cames its 
own messages to or from the brain Sensory and motor nerves supplying 
the vanous parts of the body jom the cord at points along its length cor- 
responding to most of the spinal vertebrae Sensory nerves join the postenor 
parts of the cord where ^ sensory fibres are collected together, motor 
fibres jom the anterior parts 

The grey matter consists of nerve cells with only very short fibres which are 
arranged so as to supply a conn^on between a sensory nerve and its ap- 
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propnate motor nerve (Fig App II 5) The whole arrangement is called a 
reflex arc It permits either of reflex (i e automatic) control via the synapses of 
the grey matter, or of direct control by the bram through the connexions in 
the white matter When a person is packed m the arm, the twitch which 
his arm gives is a result of stimulation via the synapses of the grey matter 
If the person, however, is expecting a hypodermic injection, his bram will 
momtor the impulses and he may keep his arm still 



(Front) 

FlO APP il5 Reflex arcs 

There are usually iHOjuncUons m the grey matter (fl), but sometimes only one (b) 
Voluntary and Involuntary Nervous Systems 

Nerves have so far been divided into two classes, sensory and motor Whereas 
the former serve merely to carry infonnation to the CNS the latter have 
the more complex task of controlling the various parts of the body They are 
of two types, autonomic ('vegetative or ‘involuntary’) and voluntary Auto 
nomic nerves primarily control the organs of the body, the heart, stomach, 
liver, etc , which carry out the mechanical acts of life Voluntary nerves 
control the limbs, etc , which are directly operated by the will 

SjTnpathetic and Parasympathetic 

Most hollow organs (or viscera) of the body are doubly innervated They can 
be cither stimulated or depressed, one set of nerves being responsible for 
stimulation and another set for depression This leads to a further division 
of autonomic nerves into sympathetic and parasympathetic The pupil of the 
eye (ins), for instance, is constricted by parasympathetic stimulation whereas 
sympathetic stimulation dilates it The divisions may be summanzed as 
follows 
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Tabic App n I shows tlie effects of sympathetic and parasympathetic 
stimulation on various organs The effects arc easily summarized 

TABLE APP II ! 


The Effects of Stimulation of the Sympathetic and the Parasympathetic Nerves 
on the Chief Organs of the Body 


Organ 

SympatheUe 

Parasympathetic 

Blood vessels i 

Constnctioo, except coronary 

Nil (except m ccruin special 


vessels which arc dilated 

cases where dilatation occurs, 
and in the coronary vessels 
which ate constricted) 

Heart 

Eye 

Acceleration and augmentation 

Inhibition 

Im 

Contraction of Radial Muscle 

Contraction of Circular Muscle 


(Mydrusts) 

(Miosis) 

Ciliary muscle 

Skin 

Nil 

Contraction 

Svr'eat secretion 

Augmentation 

Nil 

Erection of hairs 

Increased 

Nil 

Salivaiy glands 

Stomach 

Slight viscid secretion 

Free secretion and vaso>dilata 
tion 

Contractions 

lobibiiion 

Augmenuuon 

Secretions 

— 

Increase 

Sphincters 

Contraction or relaxation 

Relaxauon or contraction 

lotesttoal movements 

lohibilioB 

Augmentation 

Gall bladder 

Relaxation 

Contraction 

Liver 

Clycogeoolysis 

Nd 

Spleen 

Contraction 

Nd 

Pancreatic secretion 

— 

Increase 

Bronchial muKles 

Relaxation 

Contraction 

Bronchial secretion 

Nil 

Increase 

Suprarenal glands 

Secretion 

NU 

Ureter 

Bladder 

Relaxation 

Contraction 

Fundus 

Relaxation 

ContracUon 

Sphincter 

Contraction 

Relaxation 

Uterus 

Contraction and relaxation 
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by permission.) 


Sympathetic stimulation may be said to prepare an ammal for fight or flight* 
parasympathetic stimulation for postprandial rela.\ation The former 
favours instant violent action, the body is furnished with extra fuel (glucose) 
wider aar passages (by dilatation of the bronclu), and a higher heart rate and 
blood pressure to ensure a quicker turn round of fuel and waste gases In the 
latter, conditions arc made favourable for digestion, for storage of fuel 
against future needs, for rest, and for repair of wear and tear 
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Structure of Nerve-cells; Ganglia 

Although the fibres of nerve cells are much bigger than the nucleus and 
possess the property of conducting impulses, the existence of a nucleus is 
essential for the life of the whole nerve cell TTiere are three ways m which the 
nucleus and the fibres are found to be arranged 



'Nucleated 

sheath 


no APP 11 6 A Bipolar B = Unipolar 


The first, the bipolar type (Fig App II 6), is the simplest possible, the 
nucleus is a bulge at a point on one side of the fibre This type, however, is 
found only in the lower orders of life, and it is a more developed form the 
unipolar type, which is found m man In this, only one fibre is directly 
attached to the portion of the cell which contains the nucleus, it splits into 
two a little distance away The cell is protected by a nucleated sheath This 



Fio APP 111 Muliipolarnene cell 


kind of cell is rather hke a relay station, and occurs particularly frequently 
in sensory nerves just before these jom the spinal cord In the same way as 
individual fibres are collected together in a nerve trunk, so these nuclei are 
collected together m what is called a ganglion 
The third type of cell is called multipolar and is very common m the 
motor nervous system (Fig App 11 7) It has many ‘processes’ called den 
dntes, but only one fibre, the axon, cames impulses away to the roots 
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These cells are found m the spinal cord and m the relay stations (ganglia), if 
any, between the cord and the peripheral nervc*cndmgs The roots of the 
previous fibre arborize round the cell, and the ganglion is therefore different 
in structure from that formed of unipolar cells 

Nerre-fibres 

The nerve-fibre itself is surrounded by an elastic nucleated membrane called 
the primitive sheath or neunlemma (Fig App II 8) There may be, in addi- 



Fio APP II 8 Nerxe fibre {JongUudtnal section) 
tion, a medullary sheath of rayetin (protein) between the neurilemma and 
the axon Nerve-fibres arc accordingly classified as medullated and non* 
medullated (or myelinated and non myebnated) 

Fenpberal Ncrrc-Enduigs 

The point where the nerve joins muscles or organs is called the nerve ending 
The term neuromuscular junction is usually restricted to the junction of a 
voluntary motor nerve with skeletal muscle At the nerve ending motor nerve- 
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fibres branch two or three times, and each branch goes to a muscle-fibre 
(Fig App 119) The neunlemma becomes continuous with the sarcolemma 
and the medullary sheath slops short Nerves supplying involuntary muscle 
may finish m plexuses (i e networksoffibres which contain some free codings) 
(Fig App II 10) Sensory nerve-cndings are of vanous types Some resemble 
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motor nerve-cndmgs, as they are junctions with muscIe-ceHs Some form net- 
works like the involuntary plexuses (around hairs, for example), and in 
special touch corpuscles and end-bulbs Ac fibre originates from a sort of 
capsule (Fig App II 12 and 13) 



FIG APP 11 II Setaory netve-^erulings 

Nerrons Connexions of the Spinal Cord and Periphery (Fig. App. II, 12 and 13) 
As has already been implied, the distribution of the various types of nervous 
apparatus in Ae body is related to the function for which it is required 
Sensory fibres, for instance, are usually medullated They run direct from the 
penphery to the posterior roots of the cord via the spinal ganglia, where the 
nuclei of these unipolar cells are collected together Many of these ganglia 
are arranged m pairs, one each side of the cord, corresponding with the seg- 
ments of the vertebral column 



FIO APP II 12 Nervous connexions of the spinal cord and periphery 
Voluntary fibres arc likewise medullated, and run direct from their den- 
drites and nuclei in the anterior part of the cord to their peripheral termina- 
tions They are multipolar cells It will be appreciated that both sensory and 
voluntary fibres are very long 

The connexions of the autonomic nervous system proceed through ganglia 
of the multipolar-cell type Those of the sympathetic system arc located 
near the spinal cord and arranged very like the sensory spinal ganglia, one 
each side of approximately each vertebra of the spine Those corresponding 
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to the upper four thoracic segments are combined in the large stellate ganglion, 
and those to the upper four cervical in the superior cervical ganglion These 
sympathetic ganglia constitute what is called the sympathetic chain They are 
connected with the spinal cord and vertically with one another Medullated 
fibres from the multipolar cells of the intcrmcdio-lateral tract combine with 
voluntary fibres to form the spinal nerve They then break away and join 
the ganglia, where they arborize around similar multipolar cells Non 



FIO APP II 13 Autonomic nenous system {after Meyer and Cottheb) 
Note - Only one side of cord is shown PregangUome fibres shown as thick lutes 


medullated fibres from these cells rejoin the spinal nerve The preganglionic 
fibres are called the white rami and the postganglionic fibres the grey rarai 
from their appearance The fibres of the white ramus are medullated but very 
fine, they are only 2-3 n in diameter, whereas motor fibres are 15-20 y Those 
of the grey ramus are usually non medullated and long, they run direct from 
the ganglion to the tissues Most of the fibres of the white ramus terminate 
in the lateral ganglia, where one preganglionic fibre may serve to relay 
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impulses to as many as twenty or more postganglionic fibres, but not all do 
this Some link one part of the cord with ganglia several positions up or 
down the chain instead of with the nearest one Some even pass right through 
a lateral ganglion without having a synapse in it In this case the fibres termi- 
nate either in a solar ganglion such as the cocliac ganglion or m a terminal 
ganglion near the periphery or organ (Fig App 11 14) Whatever happens, the 
nerve appears to have only one synapse between cord and termination Norm- 
ally, therefore, the connexions of the sympathetic nervous system arc 

(1) Short, medullatcd, preganglionic fibres to the sympathetic chain, and 

(2) Long, non medullated, postganglionic fibres, with the exceptions just 
mentioned 
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Fro APP II M Aitcmanve arrangement of pre anf postgang Aantcjfdres in 
splanchnic and inferior splanchnic nerves Rafter Langley) 

Nervous connexions of the parasympathetic system all pass through 
ganglia, but, unlike those of the sympathetic system, these are usually 
situated near the tissues they innervate instead of near the spinal cord In 
consequence, preganglionic parasympathetic fibres are long and postgan- 
glionic fibres, which are usually non medullated, are short Parasympathetic 
fibres leave the cord at four points (Fig App II 13) 

1 From the mid brain via the third nerve to the ciliary ganglion From 
there short cihaiy nerve fibres run to the muscles of the eye 

2 From the medulla (n) via the seventh and ninth nerves to ganglia 
and thence to the nose and mouth 
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(b) via the tenth (Vagus) and cteventh nerves to ganglia either on the 
ncr\c or in the walls of the oesophagus, stomach, small mtestmc, etc 

3 Certain fine meduUated fibres leave the posterior spinal roots (in 
spite of these being afferent nerves) and are responsible for the dilatation 
of some peripheral blood vessels 

4 The white rami of the second, third, and fourth sacral nerves pass 
through the corresponding lateral ganglia without having a synapse and 
form the pelvic nerves They terminate m the ganglia of the pelvic plexus, 
from whence fibres arc distributed to the colon, etc 

It should now be possible to understand Fig App 11 13, which sum- 
marizes the controlling mechanism The double innervation of the vital 
organs will be seen The heart, for instance, is supplied with parasympathetic 
fibres by the vagus nerve and with sympathetic fibres from the ganglia of the 
sympathetic chain A further sympathetic connexion exists in the suprarenal 
gland Stimulation of this gland results in the discharge into the blood 
stream of a mixture of chemicals which stimulates all or nearly all, the 
sympathetically innervated organs to which it is conveyed Stimulation of the 
splanchnic nerve which innervates the suprarenal gland can thus prepare an 
ammal for fight or flight in a matter of about a second (the time taken by the 
blood stream to convey the chemicals to the vanous organs) It may be 
regarded as the equivalent of dialling 999 on the telephone It will be seen 
that spinal reflex arcs involve sensory voluntary and sensory sympathetic 
connexions rather than sensory parasympathelic ones 

Relations Between the Structore of Nerves and tbelr Fonctlon 

It IS now possible to sumraarue m a genera! way the relations between the 

structure of nerves and their function 
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Parasympothetic — Prtgangl onic long medullated 

Postganglionic shwt. non medullated 
Types of ending plexus. 


Appendix. Part II: Ner\ous Controlling Mechanisms 443 


Nervous Conduction 

Nerve fibres resemble muscle fibres m their response to stimulation, they 
cither conduct fully or not at all An anaesthetic drug, for instance, does not 
lower the efficiency of conduction of individual fibres, but reduces the 
proportion of fibres which conduct There is an absolute refractory penod of 
0 4^ 5 msec before the nerve can be induced to respond again After this it 
IS hyposensitive and requires a bigger stimulus than normal It is only after a 
relative refractory period of 3-5 msec that the nerve returns completely to 
normal If the nerve is stimulated very rapidly, the response evoked will drop 
when the interval between impulses is less than the relative refractory period 
If the interval is as small as the absolute refractory penod, the response may 
suddenly be reduced to half because only one impulse in two is effective 
Oxygen IS vital for the efficient performance of nerve but, if supphes are 
adequate, an isolated nerve preparation can conduct impulses for many 
hours 
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The electncal changes which take place dunng nervous conduction can be 
amplified and detected on the screen of a cathode-ray tube Between two 
electrodes, one inside and the other outside a nerve fibre, there is a resting 
potential difference of 60-80 mv, the outside is positive with respect to the 
inside When the nerve is stimulated, a short negative spike is seen on the 
screen, followed by negative and positive after-potentials of very much 
smaller magnitude and longer duration (Fig App 1115) If both electrodes 
are on ftie nerve surface, the potential difference changes sign as fhe impulse 
travels along the nerve It has been shown that there are actually three types of 
mammalian nerve-fibres. A, B, and C, which have the properties listed in 
Table App II 2 

Fibres of class A provide most of the afferent and efferent connexions of 
voluntary muscle Those of class B are found only in the autonomic nervous 
system and form the bulk of preganglionic nerves A few are found m post- 
ganglionic nerves, but these consist mainly of class C fibres, which are also 
found in the dorsal (sensory) spinal roots It is interesting to note that whereas 
lack of oxygen affects the fibres in the order B, A, C, the drug cocaine blocks 
class C fibres first and class A last The rate of conduction also seems to be 
related to the thickness of the fibre, and the greater sensitivity of thm fibres 
to cocaine may be associated with their relatively greater surface area. 
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Unlike the waves on contraction in muscle, nerve-impulses do not demand 
excessive amounts of energy, although it appears that the reactions involved 
in supplying it are probably similar to those which occur in muscle 


TABLE APP, ft 2 

Some Properties of Three Groups of Mammatlan Nerve-fibres after Grundfest 


Group 

A 

B 

C 

Diameters of fibres, microns 

20tol 

3 

Unmyelinated 

Conduclion velocity, metres per second 

100(0 5 

14 to 3 

2 

Spike duration, miKi-seconds 

0^4 lo 0-5 

I 2 

20 

Negative after polenttal 




Size, per cent , of spike 

5 to 5 

None 

3 to 5 

Duration miUi-seconds 

nto20 



SO to SO 

Positive after potential 




Size, per cent„ of spike 

02 

IS to 4 

IS 

Duration, milli-seconds 

40 to 60 

loom 300 

300 m 1,000 

Absolute refractorypenod.milli'Seconds 

\S06lol-0/ 

12 

20 


(yPiMon&niBiylas, l9iS, Human Physioleg},J and A Churchill reproduced by per* 
mission) 


Nervous Coonexlons in the Bram 

These are far more complicated than those in the periphery Many parts of 
the brain appear to contain ‘centres’ which are concerned with particular 
activities The greater part of the cerebrum is associated with voluntary 
movement and specialized functions, such as speech and sight Autonomic 
centres are located lower down 

Many therapeutically important drugs produce their effects by actions on 
the central nenous system, for example, general central depressant drugs, 
analgesic drugs, anticonvulsant drugs, antitussive drugs, anti-emetic drugs, 
antipyretic drugs, analeptic drugs, and drugs which are effective m mental 
illnesses With the exception of general central depressant drugs (briefly 
considered in Chapter XI) and drugs acting on the spinal cord, there is much 
uncertainty about the precise site of action of these drugs and great difficulty 
in assessing whether the effect observed is that of the drug itself, or of some 
metabolite produced from it Even though surgical techniques make it pos- 
sible to administer drugs directly into cavities m the central nervous system 
(such as the cerebral ventricles), penetration to sites wthm the central nervous 
sy'Stcm is stiU uncertain It would, for instance, be limited if the substance 
constricted the blood-vessels present in the tissues Because of this, the 
discussion of the actions of drugs in chemical terms is limited m this book to 
actions outside the central nervous system, such as those at sites m the 
peripheral nervous system and directly on smooth muscle 
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Absorption of drugs, 47, 167 
Accelerans-stoff, 79 
Accuracy of a mean, 32 
Acetylcholine. 3, 4. 6. 79. 81 
analogues of, actions of at ganglia, 147-53 

actions of at neuromuscular junction, 
101-7 

actions of, as postganglionic cholinergic 
recepton, 194-203 

as substrates of cholinesterases, 250-9 

containing a Veto group, 107, 153, 200 
antagonists of, actions of at ganglia, 
160-79 

actions of at neuromuscular junction, 
121-33 

actions of at postganglionic cholinergic 
receptors, 211-34 

arsomum analogue of, 103, 196, 257 
carbon analogue of, 257 
cationic head of, and activity at ganglia, 
148 

and activity at neuromuscular junction. 
103 

and activity at postganglionic cholincr* 
gic receptors, 196 

effects of, at neuromuscular junction, 97 
<ts«q 

electrophoretic application of at neuro* 
muscular junction, 88 
hydrolysis of, by cholinesterases, 241 et 
ieq 

'like substances at neuromuscular junc* 
tion, 101-17 

phosphomum analogue of, 103, 148, 196, 
257 

sulphonium analogue of, 103. 196, 257 
unsaturated analogues of, 104, 149, 200, 
252 

Acetylcholinesterases, 79 et seg , 241 el seq 
anionic and esteratic sites in, 271 
effects of pH on hydrolysis of acetyl- 
choline by, 272 

effects of reactivators on phosphorylated 
enzymes, 276 

mechanism of hydrolysis of acetylcholine 
by, 272-6 

MichaeJis-Menten constants of, 247 
mode of action of inhibitors of, 26S. 273 
nature of groups in esteratic site, 271-6 
occurrence of, at ganglia, 141 
at neuromuscular junctions, 90 
physiological effects of inhibitors of, 242, 
280 

two-pomt attachment of acetylcholine to, 
271 

uses of inhibitors of, 242 


AcetyJ-a.mefhylchoJine, J07, 351, 199, 255 
alrolute configuration of isomers of, 199 
Acetyl-P metbylchoJine, JOT. 151, 199, 211, 
255, 279 

absolute configuration of isomers of, 199 
ns substrate of cholinesterases, 255, 279 
stereospecificity of, 199, 255 
Acetylthiocholinc. 107, 151, 199,254 
Acetyl-ft-methyllhiocholinc, 107, 151, 199, 
254 

Acryloylcholine, 104, 149, 2S2 
Acudtl, 367 

Action potentials, of muscle-fibres, 88 
of nerve fibres, 50 

Activity of drugs, companson of, 40 
expression of, 41 
Adiphenine, 225 

Adrenaline, 4, 80, 81, 282 et seq 
actions of, on heart muscle, 282, 292 
actions of, on smooth muscle, 282, 292 
antagonists of. classification of, 319 
breakdown of, 285, 286 
dichloro analogue of, 314 
formaiioR of, 284 
homologues of. 295 

methods for qaantitativs eslimntion of, 
293 

slereospecifieity of, 294, 295 
a substituted analogues of, 298 
Adrenal medulla, blockage of transmission 
in, 179 

stimulation of, by dimethylphenylpiper- 
azinium, 156 

Adrenergic drugs and their antagonists, 
uses of, 293 

Adrenerpe receptors, classification of, 287, 
288 

types of, 287, 288 
p(»sible structures of, 318 
reaction of, with ethylene iminium ions, 
335 

Affinity constant, S, 8-16. 21 
measurement of, 10, 43 
Aliphatic alcohols, 4, 381 
Aliphatic amines, pressor properties of, 
312 

AlkyJtrlethylammonium salts, 102 
Alkyltrimethylammonium salts, 101, 147, 
194. 263 
Alle^, 346 
AU-or-none response, 35 
disguised, 39 
Alyprn, 59 
Ambemntum, 137 
An^odryJ, 361 
Amethocaine, 60, 62, 76 
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Amides, as local anaesthetics, 63. 65 
Amine oxidases, 285, 337 
inhibitors of, 339, 340 
substrate specihaiy of, 338 
AmlnopeniamfJe, 233 
Amphetamine, 307, 303 
Amydrlacalne, 59 
Amytocalne, 59 
Anaphylaxis, 346 
Andamol, JW 

Antagonist activity, absolute measurement 
of, 42-44 

Antagonist drugs, competitive, 12, 43 
measurement of activity of, 42-^ 
Antazolioe, 360 
Antergan, 358 
Ant/iiswi, 358 

‘Antichoimestcrascs’, 242, 280 

Antibody, 346 

Antigen, 346 

Antrenyi, 226 

Apelhesine, 59 

Aprtsolute, 343 

Arecoline, 206 

Arfonad, I6t 

Artane, 231 

Artenal strips, 289 

Assays, with aU<r>none responses, 35-39 
with graded responses, 33-35 
Asthma, 293, 346, 373 
Atropine, 214 
^•Atropme, 217 

Atropine metho-talts, neuromuscular block* 
ing activity of, 123, 129 
Atropimum salts, epimcric forms of, 130 
Avian muscle, 95 
Avomlne, 361 
Azameihontum, 172 
Azapetine, 330 

Bacterial toxins, 3, 347 
Banthme, 165, ill 
Baroreccpton, 78 
Benaetyzlne, 226 

Benadryl, 360 
Benzomlne, 58 
Benzedrine, 308 
Benzhexot, 231 
Benzocalne, 61 
Bcnzodioxans, 328 
Benzoqulnonium, 127 
Benzyl alcohol, 67 
BcnzyICnmethylammonium, 148 
Belaealne, 58 
Biologtcal stimulus, 8 
Biological variation, 27 
Bu-atropmium salts, blocking activity of, 
at neuromuscular junction, 129, 130 
at postganglionic cholinergic receptors. 
217 

Bis laudanosimum salts, 128 


B/r-onium salts, activity of at ganglia, 165- 
74 

at neuromuscular junction, 109-17, 
125-30 

at postganglionic cholinergic receptors, 
206,217 

as inhibitors of cholmesterases, 263 
as substrates of cholinesterases, 258 
Bladder, 191 

Blockmg actions, at c-adrenergic receptors, 
319 elseq 

at ^adrenergic receptors. 315, 319 
at ganglia, 160 efseq 
at histamine receptors, 355 el seq 
at neuromuscular junction, 121 el seq 
at posiganghomc cholinergic receptors, 
211 elseq 

Blood'pressure, measurement of in animals, 
191 

possible ways affected by drugs, 84 
relict changes in, 78, 84 
Blood vessels, perfused, 192 
BOL, 376 

Bolidinus toxin, 3, 138, 183 
Bretyltum, 341 
Brevatonal, ]]4 
Brom-LSD, 376 
Btomopynlene, 359 
Bronchial muscle, 291, 348 
Buelizine, 365 
Baseopan, 164 
Butacaine, 61 
Bulamln, 61 
M-Butanol, 72 
Batethanol, 62 

Bulyltnmethylammonjum, 8, 102, 148, 195 
Butyrylcholineslerases, 241 e! seq 
clinical importance of, 279 
Michaehs-Menten constant of, 247, 250 

139 CSS, 173 
172 C58, 542 
284 C 51, 264 
295 €51. 367 

297 C SO, 264 

298 C 50.264 
356 C 54, 173 
405 C49. 367 
Cadavenne, 337 
CafTciQe, 4 

Calabash curare alkaloids, structures of. 1 32 
neuromuscular blocking activity of, 131 
C-alkaloid D, 132 
OaOcaloid H. 132 
C-alkaJoid K, 132 
Catacunne II, 132 
Caramiphen, 227 

Cvbachol, 104, 149, 198, 250. 252 
OzrMonium, 111, 115, 116. 120 
Carotid occlusion reflex, 147, 323 
Catechol O-metbyl transferase, 286, 337 
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Catron, 340 
C-Calebassine, J32 
Cell membrane, 49 
ion movements through, 51 
Cells, mode of action of drugs on, 4 
proportion of area of surface affected by 
drugs, 4 

Chemical ideas, importance of in pharmaco- 
logy, 379 

Chemical transmission, proof of, 79 
Chemical transmitters, nature of, at ganglia. 
80, 140 

at neuromuscular junction, 80. 87 
at postganglionic parasympathetic con- 
nexions, 79, 185 

at postganglionic sympathetic connex- 
ions, 80, 282 
Chemorcceptors, 78 

Choline, m bromophenyl ether of, 108, 152 
Cholme esters, activity of as substrates of 
cholinesterases, 250-4 
at ganglia, 149, 180 
at neuromuscular junction, 103-7 
at postganglionic cholinergic receptors 
197, 198, 212 

Cholme e^ers, activity of at ganglia, 151. 
152 

at neuromuscular junction, 107, 108 
at postganglionic cholutergic receptors, 
199, 200 

Choline phenyl ethers, ‘local anaesthetic* 
properties of, 68, 341 

Cholinesterases, active centres in. 270-6, 
278, 279 

classilication of, 241 

drugs acting by mhibitiog, 242, 243, 259 
el seq 

effects of inhibition of. 242, 280 
inhibitors of, on local anaesthetic pro- 
perties. 75 

histological stains for detection of. 254 
number of active centresper red cell, 279 
sources of, 241, 245 

stability of phosphorylated derivatives of, 
274 

substrates of, 250-9 
testmg of mhibitors of, 247-50 
Cholme 2 6-xyIyIethcr, 341 
Chondocurarme, 121-3 
Chlorcychzine, 365 , 366 
Chlortsondamine, 173 , 174 
Cklaropynlene, 359 
Chlorpheniramine, 367 
Chhrpromazine, 362, 363 
Chlortrimeton, 367 
Chromafan cells, 283 
Cmchocame, 63 

Ginical tests, of local anaesthetic activity, 
54. 35 

of neuromuscular blocking activity, 98 
on bronchial tree, 291 


Cocaine, 

absolute configuration of, 56, 57 
activity of stereoisomers of, 57 
compounds related to, 57, 58 
dissociation constant of, 72 
d-Cocaine, 57 

Competitive antagonism, 12, 24, 43, 44, 92, 
141, 188, 247. 319, 369 
Compound 48/80, 346 
Corbasil, 299, 300, 307 
Cornea, 54 
Coiynanthme, 325 
2342 CT, 265 
3113 CT, 265 
3152 CT, 265 
3318 CT, 264 

Curare alkaloids, 90, 121-5, 132 
chemistry, 121, 132 
site of action of, 91 
Cychztne, 366 

orfoHexylamine denvatives, pressor pro- 
perties of, 312 
Cyclomethone, 112 , 126 

DartUne, 232 
DCt, 314 

Dec^ethonium, 109 

Decamethonium analogues, non-competi- 
tive blocking activity of on frog rec- 
tus, 126 

With primary ammo group, 110 
Decamethonium and analogues, activity of 
at neuromuscular junction, 109 e/ 
stq 

activity of on slow fibres, 109 
Decamethonium, effect of replacement of 
methyl by ethyl in, 110 
hydrazmo analogue of, 112 
polymeric form of, 112 
Decamethylerw bu inmcthylphosphomum, 

no 

Dccamet hy lene bu • dimethykulphonium, 

no 

Decapryn, 361 

a DeQ’ltnmethylanunonium, 194 
Demyelmation, 281 

Denervated muscle, mcreased sensitivity of, 
87 

respond to acetylcholine of, 87 
Depolarization, of end plate, 88 
of ganglia, 140 
of smooth muscle, 186 
Detoxication, 47 
Desensitnation, 17 
of ganglia, 141 
of end plate, 92 
of smooth muscle, 1S9 
Desoxyephednne, 311 
DTP, 267 

Diamme oxidases, 337, 346, 374 
Dtbenamme, 320 , 330 
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Dibcnzazepines, 329 
DIbeni) line, 332 
Dlbozane, 32S 
Dlbucalne, 63 
Dibiilollne, 222 
Dicyclomine, 225 
Dlelhazine, 362 

Diffusion, effects on activity of, 43 
Dihydrocrgotamine, 321 
Dihydro-^rythroidine, J3I 
DihydrotoMdenne I, J32 
Dimeeamin, J78 

Dimcthylphenylpipcraztnium {DMPP), ISS 
Diothine, 66 
DIperodon, 66 
Diphemanll, 233 
Diphenhydramine, 361 
Dissociation constants, of antihistamine 
drugs, 337, 371 

of ganglion blocking drugs, 179 
of local anaesthetics, 69, 72 
of nicotine, 124 

of phenolic groups m (+>-tuboctifanne, 
124 

Dopamine, 2S4 , 300 
Dose ratio, 43 

Dose^responsc curves, shapes of, 6 
Doxylamwe, 361 

Drugactioa by physicochemical mechanism, 
5,71,379 

Drug action by receptor mechanism, 4, 5, 
el teg 

Drug ratio, 43 

Drug receptor complex, covalent bonds tn, 
18 

electrostatic forces in. 18 
hydrogen bonds in, 18 
Van der Waals' bonds in, 18 
Dru^aflccnng nervous transmission.clxw* 
ficalion of, 84 
Dualists, 7 
Dinaddan, J£W 

Ecohd, 173 

Edrophonium, 113, 263 
Efficacy, 6 
incasureraent of, 9 
Ekkome, 58 
End-plate, 89 
End-plate potentials, 88 
Enzymes, 19 
inhibition of, 45 
spcaficity of, 20 
Ephednne, 308 
isomers of, 309 
Eplnlne, 300 

Equipotent molar ratio, vii, 41 
Ergometrine, 321, 322 
Ergometrinme, 321 , 322 
Ergot alkaloids, 320 
Ergotoxine, 321 


P-Erythroidine. J3I 

Eserine 0>hysostigmme), 242 , 259 et seq 
Elhopropozlne, 363 

Ethylene iminium ions, formation of, 331 
reaction of, with a-adrenergic receptors, 
333 

a-Eucaine, 58 
fi Eiiealae, 58 

fi Euealne, stereoisomers of, 39 
Eueatropine, 220 
Eumydrlne, 163, J6S, 216 
Eye, 192, 289 

F883, 328 
F928, 328 
F929. 328, 336 
F933, 328, 355 
FI 57 1, 356 
F2268, 202 

absolute conflguratioo of, 210 
F 2512, 160 
F25S7, 160 
F2580. 203 
F258}, 203 
F3393, 261 

Factors alTecting adsorbabdity, IS, 19 

•Fade’, 17 

Fiducial limits, 32 

Four point assay, 34 

Fundus strip, 2^ 

Furmethide, 20/ 

Caddum equation, 12,43 
Callamine trieihlo^de, 125 , 160 
Caoglia, desensitizatioD of, 141 
effects of histamine on transmission in, 
182 

interference with release of transmitter, 
182 

preparations containing, 143-5 
s^pathetie ganglia possibly located in 
intestme, 183 
transmission m, 140 
Canglion-blockmg agents, uses of, 141 
testing of, 146-7 
Gastnc secretion. 346, 348 
Gaslropln, 162, 163, 217 
GD-121, 371 

General central depressant drugs, 380 
Goldfish, 34 
Graded response, 33 
CrttfUoi, 327 . 328 
Cuanelhldme, 342 

fi Haloalkylammes. 330 et seq , 369 

Ifalapyramme, 359 

Halothane. 383 , 386 

Hammett constant, ISO, 152, 155, 253 

Hay-fever, 346 

NC3. 138, m 

Head drop test, 97 
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Heart, isolated perfused, I9t 
Heart-lung preparation, 191 
n-HeptyltnmcthyJainiiionium, 11, 101, 148, 
194 

Hexameihonium, I6S ei seq 
analogues of, 167 

with altered polymetliylene chain, 169 
sulphonium analogue of, 167 
Hexamethylene fc/j-dielhyUulphonium, 167 
Hexylcalne, S9 

Histarmnases (see also Diamine oxidases), 
337, 346, 374 
Histamine, 344 et seq 
absorption of, 346 
actions of, 346 
antsgomsts of, 355 e/seq 
evidence for competitive action of, 369, 
370. 371 

tests for activity, 348 
Histamine, compounds related to, 349-55 
effects of, sutetitution in ring 350 
substitution m side<hain 349-S2 
Histamine-Iike activity, tests for, 34S 
Histamine, metabolism of, 345 
occurrence of, 345, 346 
release of, 345, 347 
uses of, 348 
antagonists of, 348 
Hoheawe, 66 
Homatropine, 219 
stereospeaficity of, 219 
Homologous series, local anaesthetic acti- 
vity in, 69 

variation of activity in. 380 e( seq 
Hyaluronidase, effect on penetration of 
local anaesthetics, 56 
Hydrallazine, 343 
Hydrazuiophthalazuies, 343 
P Hydroxyamphetamme, 305 
p-Hydroxyephcdrine, 304 
5-Hydroxytryptaminc, 376 
antagomsts of, 376 
Hyoscyamine, 213 

absolute configuration of active isomer, 
2f5 

stereospecificity of, 215, 216 
Hyoscine, 2IS 

!»#. 46 

Ileum and other parts of infestioe, see 
Intestine 
Illdar, 329 

Imidazolines, as antagomsts of adrenaline, 
329 

Imtpramine, 234 
Inhibitor constant, 22 
determination of, for competitive inhi- 
bition, 23, 247-9 

for non<onipeijtiye inhibition, 24, 249 
Intestine, Finkleman preparation, 292 
intact, 191 


Intestine, Magnus preparation, 144 
trans murally stimulated, 194 
Tnendclcnbu^ preparation, 144 
Jntracaine, 63 
Intrinsic activity, 7 
Inveriine, J7S 

Ions, effects of on nerve fibres, 74, 75 
Iproniazid, 340 

•Irreversible* inhibitors of cholinesterases, 
267 et seq 

Isoprenaline, 287, 296 
dicbloro analogue of. 314 
stcreospecificity of. 298 
Isothlpet^yl, 365 
Isoxsuprlne, 304 

Laehestne, 223 

Langmuir adsorption uotherm, 5, 6 
Laudexium, 128 
Laudolissin, 128 
Leptodactyline 108 154 
analogues of, IS5 
Lldocame, 65 
Lignocame, 65 
Local anacslheljcs 52etseq 
active form of, 69 

activity of, and ability to penetrate 
monolayer, 71, 72 
and dissociation constant, 71, 72 
and fat solubility, 71,72 
and surface activity, 71, 72 
effect of on spinal cord, 52, 77 
testing of, S2-6 

Log dose response curves, shape of, 5. 6 
effects of antagonists on, 13, 14 
Logit, 6 

Log normal distnbution, 38, 39 
LSD, 376 

Lungs, perfused, 291 
Lysergic acid, 322 

Marslhd. 339 
Marzine, 366 
Mast cells, 345 
Itfecamj^mene, 175 
isomers of, 175, 176 
MeeMyt, 107, 151 , 198 
Meclizine, 365 
Mepiperphenidol, 233 
Meprylcame, 61 
Mcpyramine, 358 
Mescalme. 314 
Metabolism of drugs, 47 
MeSanephnne, 286 , 313 
Metasympatol, 302 
Mcttiadiohnc, 107, 151 , 198 
Methanthebmum, 165, 227 
Methapyrilene, 359 
Melhdilazitte, 362 
Melhedrme, 311 
Methoxamme, 314 
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Melhoxyambtnonlum, 266 
6'Mcihyladrcnalinc, 314 
3telhylampbeiamlne, 311 
a-MctfiyWopa, 37S 
S-Methylfurmetklde, 200, 201 
Methylhyoscinmm, 216 
Metyeaine, 59 

Miciuelis-Menten constant, 20 
dctemunation of, 21, 22 
Miniature end plate potentials. 83 
Miniature synaptic potentials, HO 
Mtotme, 259 
MIpafox, 269, 270 
Monodrol, 223 

Murtxine. 103, 1 W, 120, 149, 199, 252 
Muscanne, 203 et se^ 
absolute configuration of uomen of, 204 
activity of isomers of, MS 
Muscarones, 203 
Myasthenia gravis, 242, 290 
Myfeixse, J3?, 266 
Mylolotf, 127 

N-310, 162 
ft-417, IS6. 15? 

Haelon, 229 
Naphazoltiie, 329 
Heoaittergait, 35S 
ffeohelratnbie, 358 
NeostiEtntne, 261 
ffeosynephrCne, 302 
Neothesitte, 59 

Nerve-endings, chemical classification of. 81 
and correlation with anatomical classific* 
cation. 82 
Nerve-fibres, 49, 53 
single fibre preparations, 53 
•Nerve gases’, 267 
Nerve-muscle preparations, 97 
Nerve trunks, 53 

Neuromuscular blocking agents, antago- 
nists of, 137 

relative sensiliv ity of tissues to, 99 
testing of, 96 
uses of, 94 

Neuromuscular junction, actions of drugs 
at, 90 

amounts of transnufter prodvcmg res- 
ponse at, S9 
dcsensilization of. 92 
differences from gangUa, 134 
distribution of receptors at, 133 
electrical changes observed with tnicro- 
electiodes at, 88 

mterference wi th release of transmitter at, 
138 

‘mixed’ block at. 136 
number of molecules per quantum re- 
leased at, 89 

quantal release of transmitter at, 89 
structure of, 89 


Neuromuscular transmission, all-or noK 
nature of. 90 
Nicotine, 83, 107, 154 
absolute configuration of, 120 
and related compounds, 107, 154 
stereospecifiaty of. 120, 18t 
Nictitating membrane, 143, 289 
Ntlergex, 365 

Non-competitive antagonists. 14, 44 
at a adrenergic receptors. 319 
n-Nonyltrimethylammonium, 194, 212 
Noradrenaline, 81, 284 et seq 
breakdown of, 285, 286 
dichloro analogue of, 315 
foimation of, 284 

methods for quantitative estimation of, 
293 

siereospecificity of, 294 
JVi^cocaine, 58 
NofephedruK, 312 
Normal distribution. 29 
Normal equivalent deviation, 36 
Noiairopine, 220 
/i/ovacauie, 61 
Nu 1326,366 
Nu 1525, 366 

Number of active centres on red cell, 133, 
279 

of degrees of freedom, 29 
of molecules affecting a tingle cell, 3, 4 
of molecules mvoNtd m block at neuro- 
muscular junction, 133 
of receptors at neuromuscular junction, 
133 

tiuperealne, 63 
Nybdrlne, 304 

Oetaeame, 62 

n-Octyltninethylamniomum, 194, 212 
O-metby] transferases, 285, 337 
Oracaine, 61 

Organophosphorus compounds, demyeL- 
natioa produced l^, 281 
mhibitionofchobnesterases by, 267e/reg 
Ouabain, 4 
Oxypbenomum, 226 


pAx, 13 . 43 
pA,^ 7, 43 

pA^-pAu, as test for competition, 44, 1 
369 

pAt, 16 
pA^\3 
Pacaial, 362 
P 2 AM. 277 
Pamine, 216 
Panthesine, 61 
Panioealne, 62 
Papaverme, 86 
Paraoxon, 269 
Perasympatol, 303 
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aredrine, 305 
arpantt, 227 

antal agonists, 7, 10, 101, 211 
tnaulne, 226 
D,.i 
Di. 16 

’empldine, 276 
^enbutambie, 178 
^endwmtde, 172 
\ritexcamne, 178 
^enlamethonium, 165 
°enthlenaie, 228 
’entolmium, 168, 172 
1 Pentyltnethylammonium, 102 
1 Pentyltnmethylammonium, 102, 147, IM 
f^npheral nervous depressant drugs, 52 et 
seq 

testing of, 52-6 

uses of, 52 
PerrlfifK, 311 

pH, effects of on lonuation and activity, 69, 
123. 271 
Phedraem, 329 
Pherucm/ie, 66 
PheraetropMum, 161 
Pkenergan, 361 
Phenmdamlne, 366 
Phtniprazme, 340 
Pheniramme, 367 
Phenoxybttaamine, 333 
Phenoxyethylamtnes. 327 
Phentohmlne, 329 
Phenylethytamioe derivatives, 306 
Pbeoylethyltnmetbylammoniuffl, 148. 195 
Phcnyltnmeihylanunonium, 148. 195 
Phenylurethanes, as local anaesthetics. 66 
Photedrin', 305 
Phosphostigmlne, 269 

Physicochemical properties, and drug trans* 
port, 47 

and pharmacological activity, 5, 71, 379 
Pbysostigminc, 242, 259 et seq 
pKt and antihistamine activity, 371 
Ph>,46.250 
Pdaoscpiae, 206 
Ptpenzolate methobromlde, 228 
Piperazines. 365 
Piperoeaine, 59 
Ptperoxan, 329 
Piplal, 228 

Poldine metho-salts, 229 
Polypeptides, acting on smooth muscle, 376 
Postganglionic cholinergic nerve-endings, 
electrical events at, 186 

transmission at, 185 
Prestonal, II4 
Priamtde, 233 
Priscol, 329 
Pnvlne, 329 
Pro Bcnthme, 227 
Probtf, 36 


Procainamide, 65 
Firocaioe, 61 

dissoaation constant of, 72 
Proc}elidtne, 231 
Promethazine, 234, 362 
Pronethalol, 315 
Propanshehnlum, 165, 227 
Propinme, 225 
Propoxyeatne, 63 
PtosUgmine, 260 et seq 
Prosympaf, 328 
Puirescine, 337 
PyToihiaxIne, 362 
Pynbenxanme, 358 
Pyridostigmine, 262 
Pyrrolazote, 362 

Quanial response, 33, 35 
Quaternary ammonium salts, ‘local anaes* 
ihetic* properties of, 67 
Quotane, 63 

•Rate* theory of drug action, 16 
Rauwolscine (s-yohimbmc), 326 
Pavocatne, 63 

•Reactivators’ of phosphorylated cholin* 
esterases, 276 
Receptors. 4 

nature and function of, 19 
possible connexion with enzymes, 19 
Receptor theory. 4 et seq 
Regression lines, 34 

Relationships between structure and ability 
to block adrenergic receptors, 318, 
324. 331. 335 
to block ganglia 180 
to block histamine receptors, 371 
to block postganglionic cholinergic re- 
ceptors, 236 

to block the neuromuscular junction, 
133 

between structure and activity at adren- 
crpc receptors, 316 
and activity at ganglia, 157 
and act««j' at histsminp receptors, 353 
and activity at postganglionic cbolm- 
ergx; receptors, 207 
and activity at the neuromuscular 
JUIKtlOQ, 117 
Rcserpine. 283, 326 
Resting potential, SO 

Reversal, by mhibiton of acetylcholin- 
esterases, of neuromuscular block, 
100, 242. 280 
Jto34)422. 270 
Rogitine, 329 
3381 RP^ 125 
3565 RP, 125 

Saligenin, 67 
Salivary glands, 191 
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Sarin, 270 
Sciatic plexus, 54 
Seeergan, 234 
Seminal vesicles, 289 
Sensory nerve-cndinss, 78 
Sites of action at sjmpathefic nerve<nd* 
mgs. 340 
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